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A Method for the Numerical Integration of Differ- 
ential Equations of Second Order Without 
Explicit First Derivatives ' 
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This is a fourth-order step-by-step method based on difference formulas. The case of 
a single equation is discussed in detail. The use of this method for automatic computer is 
considered, 
















1. Introduction 


This is a fourth-order step-by-step method based on difference formulas. The start of 
the computation is easy. Only the case of a single differential equation 
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will be considered. The generalization to a - differential equations 
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| is immediate. Application to electronic computing is discussed, 
| 2. General Formulas 
an | We first note some general formulas that may be deduced, for instance, from the expres- 
“ia sions (1.32), (1.38), (1.39), and (4.15) of L. Collatz [1]: 
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The degree of approximation of the formulas given below is written in terms of the interval 
A; the symbol (n> is equivalent to the usual oe(h’ The following remarks are needed 

|) /, computed from its definition, is of the same order of approximation as that of the y 
used ; 
2) if A?*' fis negleeted in (2) or (3), these expressions are correct to the (p+ 2)nd order; 
») if A*7_, is neglected in (5), this formula ts correct to the fourth order. In the notation 


introduced, the differential equation under consideration can be written as 


we shall also write 
dy 
da 


3. Particular Formulas 
When a A. and if A?s is neglected, (2) becomes 


) 


provided yy 3 2) and fi! 1 / | 


If Af_, is neglected in the same formula (2). we have 
7 i] h h* 2 Z rl 


When au A, and if A*/, is negleeted, (3) becomes 


] ij h h ‘Ai / t) ) s 
provided yo 3°, 2! and f,/ 1), fil 
The same formula vields, for ,—2h/, and with A®/, neglected, sinee 2’ 2 () 
YoYo Zh h*(2/ Hf, + Of2) 3 i 4 
ana provided Yoi 4}, 3>, and fp'2), f,;2 
Neglecting Atf_,, (5) gives the Simpson formula 
hit tf,+ fo) /3 } 10 
if t} and f,/3}. f,/3}. fo{3 


Finally, when ¢—2A?f, and if A’f, is neglected, (3) becomes 
Y= Yo > Zhrt + 2h? fl? + Fh Sf t/,—fodt shh, 2h fot" } 1] 


4. Integration Method 


We are now ready to explain our method for solving differential equations of second ordet 


that do not contain the first derivatives explicitly. The starting value of the independent 
variable will be taken as zero. Each step is subdivided into two intervals of length A 

The general step will be considered first Therefore, we will suppose that / / i) is 
known for uz 2n—1)h, and that y= yw 4°, f=—f, 4), $ . are known for o —2uh 

Then for a 2n+ lh, yey, 3) is given by (6) and f—f, 3° is given by (1), whereas for 
r—=(2n+2)h, y= ye 4) is given by (9), ff, 4. by (1) and 1 by (10 


These values will then serve for the next step The process is of fourth order for the 
funetion as well as for its first derivative 
Two equivalent methods may be used to compute the first step. For £0, and with 


initial conditions y=y, and f/—f, is computed by means of the differential equation 
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‘Then 


a \ preliminary calculation may be done with (7) and (1) so as to give 
y y, 2> and f j Z lor a / 
‘Then formula (S) may be used with / f.: this gives 
y¥=—Yy,i3} and f/=f,:3!, forzr=h 
Phe computation of the values for «= 2A is the same as for the general step (2n-+2)h 


b). Or, alternatively, it is also possible first to go backwards with the formula equivalent 
to ‘ 


y 7) h h7f,/2 2 


The process for the reneral step Thhaay then be used for a hand a 2h because (0) requires 
only a knowledge of /_, to the first order and this function is known to the second 

Table | gives the coeflicients of the and / functions, (the coeflicient of y ts always one 
for certain intervals between 0.50 and 0.06; if the interval to be chosen is outside this range 
it is preferable, especially with the use of desk machines, to change the independent variable 
this will prevent rounding off errors or the need of computation with an excess of decimal 


places 
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5. Application to High-Speed Computors 


For this application, it is more convenient to introduce the quantities 


Krom our formulas it ts eusy lo deduce that only four cells are needed to store the values of y 
Zand f We shall rive here a possible arrangement of the calculation so as to have only one 


multiplication when the F’s are computed 
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Thus for the general step, if in the memory cells, P, Q, R, S, we have at a certain moment 


the following situation * 


P)=Yyo, Q)=Z), (R) =F), S)=F 


the following five orders 


(Q)+(B)-Q, (P)+(Q)—P, “(S SS, (R)—(S)-S, (P)+(S)-S, 


put y, in S or in the y cell of the subroutine corresponding to (1 This subroutine produces 
Ff, which is stored in S. The two orders 


(Q)+-(S) 39. P)+(Q)—-P, 


c c 


then put y. in P, and the subroutine corresponding to (1) computes F,, which is then stored in 


R. Finally, the order 
i) R)—-Q. 


c ‘ 


puts Z, in Q. 


To start the computation the method (b) is preferable because once the backward step 


has been made, we immediately enter the veneral routine 


6. Change of Interval 


Because f_, needs only to be of first order in (6), there is no difficulty in changing the 


interval from h, to h, for the value x, of the independent variable. For, if f_, denotes the value 


of f for the last step (2—.1)—h,) and f_,, the value of f which is needed (4=.,—h2), we have 
fn 4 f 
—e l 
h he 
Inserting this in (6) we have 
ho* fh — ? x Lh ‘ 
y -he2g— = it »* + - . 5 2) 
n=wtha2— ¢ (GR) Fatg het (G+4 RDS 


In this form, the quantities in the parenthesis are multipliers of the coefficients of (6) for a new 


interval h 
The formula (8) may be deduced from (12) with the particular value / h, and with 
; ae replaced by f 
7. Error of the Process 


\loreover, since the first derivative 


Only the error of one general step will be considered. 
., the fourth, only the fifth-order 


has been calculated to the same order as the function itself, 1. « 
term of the function ts of interest. If yo, 2%, and fp are correct, this term is given by the first 


term neglected when (9) ts derived, namely, 
» 
—h*? A Jos 13 
15 

(6) or (S) is used 


since f, is known to the third order in fh, regardless of which of the formulas, 


‘(X) meat contents of cell X, 
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to compute y;. An estimate of the error is thus given by 


») ») 


(df 2,,(/dy 
a5" Cie )= a5" Ci ); _ 
However, it is (13) that provides a practical method of estimating the total error. 

To check the computation, two methods may be used. 

(a) When a first integral of the equation or of the set of equations is known, this may be 
used at each step as a check because z has been computed. But confidence in this as a check 
should not be too great. Although, if the integration is part of a larger program, this check will 
be in general sufficient. 


rreater care may be needed. The following 


(b) If an isolated integration has to be done, g 


procedure is then proposed. Recompute y, (which is known with third-order accuracy) by 


means of the interpolation formula (11) considered backward, so as to use y, 2), and fo: 
, vk ae eek ie , 
Yt = Ye hats, h*(- tot Ofit (fo). (15) 


The difference is, for the general step, approximately the first neglected term in (6 


reer’ l dy 
* Ae 4 ‘ . 
and should be small and vary slowly. 

The accuracy of the calculation may also be deduced from the comparison of the differ- 
ences of yf—y, for two consecutive steps, 


] dy 
(YT —Yr)on42—(YF— Yon < ht-2h (52) n>0O, (17) 


which is 8/45, the allowed error. The variation of yf—y, from one step to the other must 
therefore remain smaller than the 45/8 of the allowed error for each step. 


8. Comparison With Other Methods 


It is not our intention to make a detailed comparison here with similar methods ordinary 
step by step method, Gauss-Jackson method, Runge-Kutta method. This task is very delicate, 
and it is necessary to take care of the higher order terms neglected, the precision needed, and 
the purpose of the integration. 

But we should like to draw attention to the fact, that in most of the other step-by-step 
methods, predictor and corrector formulas are used for the same value of the independent 
variable; here, a formula of the corrector type (9) permits us to advance. Moreover, the 
advantages are evident—it is easy to start the integration, and there is no problem in changing 
the interval. 

However, since it is possible to make a comparison with the Runge-Kutta method, we 
should like to develop this point a little more. It will be seen that the proposed method pos- 
sesses some of the advantages of the Runge-Kutta method without having some of its incon- 
veniences (see, for instance, Milne [4]).. The Runge-Kutta method may be characterized by 
the fact that each step is independent and that functions and derivatives are calculated in 
general four times for the fourth-order process. Also, in contrast to the step-by-step processes. 
a Maximum accuracy is not sought for each computation, the process being based on compensa- 
tion, at the end, of all errors made during the step. But for the case of differential equations of 
second order of the type at present under consideration, there is one set of formulas for which 
only three calculations are needed (see Collatz, p. 33-34), and for which, by accident, the 
function but not the first derivative is calculated each time with maximum accuracy. In this 
case the error obtained by comparison with the value y, of the Taylor expansion may be written 
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in the form 


7 7 Fe he | 6(S)p |i. 1S) 


as mav be deduced from the two formulas following (3.13) of reference [1] In these formulas 
we set with, , U4 2. ana replace i by 2h 


In the case of a single differential equation of type (1) the operators F and J) are defined by 


|: { =. ) +30 (>). 


For the proposed method, (14) may be written with the same notation 


Tey ( Of ) 
/ / |  F+ 5, )P I. 1% 


Having made this remark, we may now point out that the new method also subdivides the 
process in steps. ‘These steps are not independent, but the dependence is small (first order 
only on the second derivative and because of this small dependence, only two computations 
are needed instead of three without making the change of interval difficult. 

It appears also from a comparison of (1S) and (19) that the function is better approximated 
in general, than with the Runge-Kutta method. This is not the case for the first derivative 
which is determined in the Runge-Kutta method with fifth-order accuracy | however, this fifth- 
order accuracy may be completely illusory, 

Finally, we should like to point out that the fourth-order interpolation formula (11) bears 
un vreat resemblance, to an analogous formula developed by Lemaitre for the Runge-Kutta 
methods [3] 


9. Example 


This method has been used principally for differential equations arising in dynamical prob- 
lems with two degrees of freedom Therefore, we shall give an example of this kind that ts 
taken from the problem of primary cosmic rays (cf. references of |2| 


The equations written with the above notations are 


(Py 
ale ( r COS 7 
da 
/ Y 
f COS” I—tan- yo) tan y 
(ld 
and the first integral is 
dy lio \ 
( . + (le | tan” y 4 ( COs” 
da (i, } : ; 


Table 2 presents the computation for the initial conditions 
y L4S0N0). y O.O00000. uM, , 0 OO0000 7 0.206279 


The value a=0.070598 is deduced from the first integral. 

The method (a) of section 4 was used for starting The results in A were obtained by 
using h=0.2 and retaining six decimal places. The results in B were obtained by using 
h—0.4 and retaining five decimal places 


124 


> 


TABLE 2 


(a \ 
( ( I 
t4s0IN ( WM sated PLL 1) aa 2 
Howe 12 Hoses! 24492 
14619 $1003 58627 24304 
} sl2 2 Is 4 ' 
} } us “ 1208 } 
‘ tet) +4 ' ’ a 
} ‘ ; n" hie! » 
‘ _ 2344 SUU4 s 
; m4 
i 
( ( / / 
ss j MM 1. 
Us? Wilt 404 
"i 1s j 
4 ” , s 
ss ” 404 1H 
’ SN { 
‘ KISS ‘ ny ‘ { 
(and C. are the fourth-order verification terms y*,—y,, and yF,— ye), computed by (16). 
fey and | OF are the estimates of error deduced from (13). S is the error in the first integral 
The quantities (,, (2, hy, fy, and S are to be multiplied by 107° in case A and by 107° in 
ase B 
Cust > 


10. Remarks 


1). It should be noted that (17) is not true for »—0, 1. e., for the first two steps; for 


instead of (6). (S) was used, for which 


By comparison with (16) it appears that the first Cis about minus one-third times the second 
one 

2). One extra figure is used for y; 2, and 2; 2, i=1,2) tolessen the rounding-off error; 
this changes very little in the computation, except that the second term in (9) must be written 


( =) (102Zp). 
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Selected Positive and Negative Ions in the Mass Spectra 
of the Monohalomethanes 
Vernon H. Dibeler and Robert M. Reese 


lonization potentials of the molecule 


halogen 


ions and appearance potentials of thi 
positive ions and of the halogen negative 


methvl and 
LOTS have been measured tor ( lI | a Hl ( | 


CH,Br, and CH, and compared with previously reported spectroscopic and electron-impact 


data \ value 
trie lon 
ociation energies are 
halogen ion \ simple relation 
observed for the methyl halides 


between 


1. Introduction 


Klectron-impact) studies, including the measure- 
ment of ionization potentials and uppearance poten- 
tials of the principal positive ions of most of the 
monohalomethanes, have been reported by Bauer 
and Hogness [1] Morrison and Nicholson {2}, 
\leDowell and Cox [3a, b], and Branson and Smith 
{]. Spectroscopic ionization potentials have been 
calculated by Price [5] from Rydberg series in far 
ultraviolet bands. Only 
studies has measurements on 
fluoride [3b] 

In addition to the usual electron-impact meas- 
urements of the minimum energy required to form 
positive ions of the methyl halides, 
information concerning possible negative-ion forma- 
tion and kinetic energy of dissociation products is 
necessary in order to reduce ambiguities in calculat- 
ing bond-dissociation energies Negative-ion studies 
are deemed particularly important for molecules 
containing halogen atoms 

On the basis of measurements of half-widths of 
ion beams [6], MeDowell and coworkers [Sa, b, 7] 


these 
methyl 


absorption one of 


included 


dissociated 


conclude that CH} ions from methyl chloride, 
bromide, ana iodide ure formed without eCXCeCSS 
kinetic energy. On the other hand, no effort to 
obtain direct information on the possible role of 


negative ions in the dissociation of methyl halides 
has been reported. Accordingly, this paper presents 
a short study of the appearance potentials and kinetic 
energy of selected positive and negative ions formed 
by ionization and by dissociation of the carbon- 
halogen bond for the complete series of the mono- 
halomethanes, 


2. Experimental Details 


2.1. Apparatus 


Data were obtained by means of a Consolidated 


type 21-103 mass spectrometer and a second instru- 
ment utilizing type 21-102 components modified 
TT 

Presented at the Second Annual Meeting ASTM E-14 Committee on Mass 

trometry, New O _l May 1954 

Figures in brackets indicate the literature references at the end of this papet 


is obtained for the ionization 
ization potentials of the hydrogen ar 
computed from appearance 
bond-dissociatior 


potential ot Hil by graphical COMparison ot 
methvl halides Carbon-halogen bond-dis 
potentials of the methvl ion and of the 
energy and bond distance is 


for appearance potential measurements and other 
research. The ionization-emission control of the 
modified instrument permitted manual control of 
the filament current supplied by a storage battery 
Provision was made to connect the ion-repeller 
electrodes to a fixed fraction of the ion-accelerating 
voltage or alternatively to small battery voltages, 
either positive or negative with respect to the toniza- 
tion chamber. A decade potentiometer Was con- 
nected to the output of the ionizing-voltage power 
supply, permitting the selection of ionizing-voltage 
increments as small as 0.01 v in the range of 0 to 
100 v. 

The 21-103 instrument contains an energy filter 
at the collector end of the analyser tube that can be 
connected to the ion-accelerating potential in order 
to stop ions of zero initial kinetic energy and to allow 
with energy to reach the collector. 
The filter can be used to measure kinetic energy, 
but it is more convenient to measure directly the 
energy distribution of an ion beam from a voltage 
scan of a selected ion by using a very low ion-accel- 
erating voltage (<<200 v). As the mass scale varies 
inversely as the ion-accelerating voltage, the resolu- 
tion in volts is given by the ion-accelerating voltage 
divided by the mass resolving power. Thus, at an 
ion-accelerating potential of 200 v, a voltage resolu- 
tion of 0.5 v or less is easily attained. 

An improvement of the technique previously de- 
scribed by Mohler, Dibeler, and Reese [8] substitutes 
for the conventional ion-accelerating voltage power 
supply, a well-regulated low-voltage power supply 
shunted with a suitable voltage divider that includes 
a 10-turn helipot. With the proper mass resolution, 
manual and automatic adjustment of the scanning 
voltage by means of the helipot in the vicinity of 
200 v permits a precise study and measurement of 
the CH ion peak shape with an estimated best 
voltage resolution of about 0.4 v. Methane intro- 
duced simultaneously with the methyl halide pro- 
vided a fiduciary of CH? ions, known to be formed 
without kinetic energy [6]. The voltage 
interval between the resolved zero energy and kinetic- 
energy components of the CH ion peak was meas- 
ured with a sensitive meter by manual adjustment 
of the scanning voltage divider. 


those eXCess 


eXCeSSs 
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A separate negative high-voltage power supply 
and sweep circuit were used to measure negative 
10n spectra 

The chloro-, bromo-, and iodomethanes were com- 
mercial products of high purity, as indicated by mass 


spectrometric analysis. The fluoromethane was pre- 


pared by passing methyl iodide over potassium 
fluoride in a glass-tube furnace at about 400° C, 


The product was obtained in good purity by simple 
separation of unreacted] CHI in cold traps. 


2.2. Determination of Appearance Potentials 


Of the several empirical methods used for deter- 
mining the minimum energy required to produce 
positive ions in the mass spectrometer, the 
most commonly used is the so-called ‘vanishing- 
current” method [9a,b,d]. An inherent disadvantage 
of this method is the frequent opportunity for latitude 
in judgment concerning the precise point at which the 


one 


ion current becomes zero. 

In deseribing an alternative, “ecritical-slope”’ 
method, Honig [9c] pointed out that the initial 
portion of typical ionization-efficiency curves is ex- 
ponential in character. A semilog plot of ion current 
versus 1onizing voltage obtained with the requisite 
sensitivity produced an ionization-efficiency curve 
with a straight-line portion for a range of ion current 
extending over several orders of magnitude 

A brief note [10] has previously indicated the 
feasibility of evaluating ionization and appearance 
potentials of ions without the uncertainty of the 
extrapolation procedure, merely by measuring the 
voltage interval between two parallel straight lines 
plotted on the same normalized scale, one of which 
corresponds to the ion of unknown critical potential 
and the other corresponding to an ion of known 
ionization potential, such as argon or krypton 
Normalization of the two curves is accomplished 
by adjusting partial pressures of the gases so as to 
give approximately equal ion current for the two 
ions at electron energies of 70 v. It is an experi- 
mental fact that for positive ions produced by ioni- 
dissociation processes of comparable 
probability and similar character, the 
necessary to obtain parallel lines are not critical 
for molecule ions and many dissociative ions of a 
number of compounds studied so far. This method 
has been used for evaluating the appearance poten- 
tials of the positive ions in the present paper 

lonization-efficiency curves of the negative halogen 
ions were plotted satisfactorily on the more conven- 
tional linear scale, although accurate calibration of 
the ionizing-voltage scale remained an acute problem, 
particularly for electron-capture processes. The 
O- ion from CO (A.P.—9.6 ev [11] provided a 
reasonably satisfactory calibration for the ion-pais 
However, the appearance potential of 
the F~- ion from methyl fluoride apparently was 
more reproducible and served as a calibration for 
the measurement of the Cl- ion in methyl chloride 


zation and 
conditions 


pre esses, 


3. Results 


The initial exponential portions of the ionization- 
efficiency curves of the CH,I*, CH , and I* ions, 
together with those of the calibrating gases, argon 
and krypton, are shown in the semilog plot of 
figure 1. The uncorrected ionizing voltage is plotted 
on the abscissa; the ion current in arbitrary units, on 
the ordinate. The curves are remarkably parallel, 
and the indicated voltage intervals between argon 
and krypton and between argon and CH,I* are in 
good agreement with the intervals between the 
spectroscopic ionization potentials of these mole- 
cules. Thus, from the spectroscopic value, /7(A 
15.76 ev [12], the electron-impact ionization potential 
of krypton is 14.0, ev and that of CHg,I is 9.5, ey 
The spectroscopic values for the first ionization 
potentials of krypton and methyl iodide are 13.996 
[12] and 9.49 respectively. The appearance 
potentials of the CH and the I* ions are evaluated 
in the same way. 

The curves in figure 1 are representative of the 
curves for the molecule ions and halogen positive 
ions of all of the methyl halides, except’ methvy! 
fluorides and of the methy! ions of the iodo- and 
bromomethanes. A different type of curve is illus- 
trated by the initial portion of the methyl ion curve 
from methyl chloride shown in figure 2, together with 
The deviation in the 


(5), 


the calibrating gas, argon 
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upproximates the electron affinity of the el 
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Thiet thv! fluoride res mb s that of the met yl mon trom 


C'H.C Qne appearance potential is about 1 y 
above thie ionization potential ol argon and one 
about 2.5 v below, with evidence of an intermediate 
Uppearanes potential Tl ( voltage interval betwee! 
the extreme appearance potentials is roughly 3.5 \ 
and the eleetron affinitv of the fluorine atom is t) 
VilS 

The F* ton curve was verv difficult to evaluat: 


The observed uppearance potential was about 23 \ 


The ionization-efficiency curves of the negative 
haloven ions are represented bv the two curves shown 
The 


dissociative 


ih fieure The voltage scale Is unecorresr ted 
| and Br both formed by 
electron capture, with an appearance potential very 
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electron energies extending to YU Vv. TI ce 
small ion current observed at 


very grad- 
ual increase in the 
higher voltages is not deemed significant 

On the other hand, the Cl> and F formed 
by ion-pair processes only, with no evidence of a1 
electron-« apture process As indicated, the appear- 
ance potential! of the lon-pair process Is a relatively 


Ions are 


simple one to evaluate compared to the capture 


process. The general features of the fine struetur 


1 


in the jonization-efficieney curves of the negative 
ions are quite reproducible, but are of unexplained 
origin at present 


ions formed with kinetic en- 


Krom the 


low ion-accelerat 


Evidence of methvl 
ergy was found only in methyl fluoride 
shape of the CH} peak 
thie excess kinetic energv of methyl ions 
and in thie 


recorded at 
ne voltage 
in CH.Cl is estimated to be less than 0.5 v 


Otte methvl halides is estimated to be less than 0.2 
\ Figure 4 is a composite record of the CH tor 
peak of methyl fluoride partially separated nto a 
narrow and a wide portion when measured at 200-\ 


t} 


Four galvanemeters wi 
SeCnSILIVITIES record each peak 
From figure 4, A, the 


energy is 


Lord aree elerat nig voltage 


different 
the four traces show! 


resulting 
auppar- 
ent abundance of ions with excess kineth 
about 71 percent ol the abundance of ions with ther- 
that 


with low 


howeve! Ons 
( olle ted 


relative abundance ot 


mal energy. It is well known, 
with initial kinetic energy are 
efficiency, and the apparent 
the ions having excess kinetic energy will decrease 


rapidly as the lion-accelerating voltage is decreased 
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In figure 4, A, the energy filter is grounded, and 
ons with thermal and excess kinetic energy reach 
he collector; in figure 4, B, the energy filter is con- 
ected to the ion-accelerating voltage supply and 
adjusted to give nearly equal abundances of thermal- 
kinetic-energy peaks. Under the same filter condi- 
tions, figures 4, C, D, and E, show the effect on the 
separate peaks of lowering the uncorrected ionizing 
voltage to 20, 17, and 15 v, respectively. A plot of 
peak height versus ionizing voltage taken at 1-y 
intervals indicates the appearance potential of the 
ions with exeess kinetic energy to be about 16.35 v, 
whereas that of the ions with thermal energy is about 
l4.7 Vv. 

With the energy filter connected to high voltage 
and adjusted to give nearly equal heights of the 
thermal- and kinetic-energy peaks (fig. 4, B), the 
ion-accelerating voltage interval between the maxima 
of the two peaks was found to be approximately 
0.7 v. Thus, the total kinetic energy of the dis- 
sociation process, calculated from the voltage 
interval between the maxima of the kinetic and 
thermal-energy peaks and consideration of the 
conservation of momentum, Is 1.3 v. The difference 
of 1.6 v between the appearance potentials is equal 
to this within the experimental uncertainty. 

There was no evidence of the heterogeneous 
nature of the CH ion peak with an ion-accelerating 
voltage of 2,500 v. The observed “second” appear- 
ance potential of the CH ion, measured at an ion- 
accelerating voltage of 2,500 v, apparently corre- 
sponds to that of the methyl ion formed with excess 
kinetic energy 

A summary of the appearance potentials and 
related data for selected tons of the methyl halides 
is given in table 1. Columns 1 and 2 list, respec- 
tively, the selected methyl halide ions, and the abun- 
dance relative to the most abundant ton (equals 100) 
at a nominal electron energy of 70 v. There are 
two exceptions: The abundances of the Bro and the 
| ions are measured at electron energies of about 
0.5 v (uncorrected), but are relative to the most 
abundant positive ion measured at 70 v. Column 3 
gives the observed appearance potentials and the 
experimental errors estimated from the reproduci- 
bility of the measurements. The absolute value of 
an appearance potential less than 2 v is uncertain 
to the extent of at least 1 v Explanatory remarks 
appear in column 4. Column 5 gives comparison 
values from the literature. 


4. Calculation of Bond-Dissociation 
Energies 


The minimum energy (appearance potential) re- 
quired to form positive methyl ions and halogen 
atoms from the methyl halides is given by the relation 


A(CH%)=D(CH,—X)+- 1(CH;) + Fe, 


where D(CH,—.N) is the carbon-halogen bond-dis- 


sociation energy, J(CHs) is the ionization potential 
of the methyl radical, and /y is the total kinetic 
energy of the dissociation products. Thus, in the 
case of methyl fluoride, from table 1, A(CH4 
16.5 v. Substituting into the above relation this 
value and the values for the ionization potential of 
the methyl radical (9.95 v) [14] and the total kinetic 
energy (1.6 v) from the observed difference in appear- 
ance potentials of the resolved methyl ions gives a 
bond-dissociation energy of 4.9 ev. In the case of 
the thermal-energy ions measured, as illustrated in 
figure 4, A(CH3)—14.7 v. Subtracting the ioniza- 
tion potential of the methyl radical gives directly the 
& F bond-dissociation energy of 4.7 ev. For 
reasons apparent in the following pages, this value 
is preferred among those appearing in column 2, 
table 2. 


TABLE 2 Bond-dissociation energies of methyl halides 
tion «cnerg vif 
“ a ; ’ = Literature referene 
ed \ 1 
Bo 
wcH WX 1” ‘ 
| .6+0) | 
CH I 1040 it 
} 
| 4.740 | 
(ql ( { ; “2 " Tt ; i 4 
| } ( | 
CH, B ) | O+t ’ 
CH, 1 2.441 2 2 
a [Dj iation process in whicl kinetic energy equals 1.6 4 
lon-pair process in which kinetic energy equals 1.6 \ 


lon-pair proces 


When negative halogen and positive methyl ions 
are formed simultaneously, the appearance potential 
of either ion is given by the relation 


A(CH$, X~)=D(CH,—.X) + (CH) —£,, CY) + Fy, 


where /,CY) is the electron affinity of the halogen 
atom. The observed appearance potentials of the 
lon-pair process, A(CH3)=12.7 v and A(F-) 
12.4 v, again indicate a C-——F_ bond-dissociation 
energy of about 4.7 ev. 

The bond-dissociation energy in methyl chloride 
can be caleulated similarly by using the ion-pair 
appearance potential. However, the higher value 
obtained by the simple formation of CH%, Cl, and 
a free electron is considered the more precise. There- 
fore, as excess kinetic energy of the methyl ion is 
apparently negligible, the carbon-halogen bond. 
dissociation energy in the chloride, bromide, and 
iodide molecules is computed simply by subtracting 
the ionization potential of the methyl radical from 
the appearance potential of the methyl ion. Table 
2, column 2, summarizes the bond-dissociation 
energies thus obtained. Similar calculations from 
the appearance potentials of the halogen ions 
(column 3, table 2) give satisfactory agreement 
within the estimated uncertainties. 
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5. Discussion 


5.1. Molecule Ions 

The ionization potentials of chloro-, bromo-, and 
iodomethane given in table 1 are in good agreement 
with the electron-impact values reported by Branson 
and Smith [4] and, except for methyl chloride, with 
the lower of the doublet spect roscopic values reported 
by Price [5]. No spectroscopic ionization potential 
of CH,F has been published. The disagreement 
between the ionization potential of methyl fluoride 
reported here and that reported by McDowell and 
Cox [3b] ts slightly greater than the sum of the 
estimated experimental errors in both researches 

The existence in the spectra of the methyl halides 
of two electronic series of absorption bands in the 
fet ultraviolet corresponding to two ionization 
potentials was predicted by Mulliken [15] and 
independently observed by Price [5]. Although the 
voltage interval between the doublet spectroscopic 
ionization potentials is greater than 0.6 v for methyl 
iodide (and less for the others), no indication of a 
break was observed in the ionization-efficieney curve 
of the CH,I* ton 

If the ionization potentials of the methyl halides 
from table 1 and of methane [4] are plotted against a 


scale proportional to the total quantum number of 


H, and the halogen atoms, the empirical linear rela- 
tion shown in the lower curve of figure 5 is obtained 
As the ionization of the methyl halides (with the 
exception of CH,F [3b]) occurs by the removal of one 
of the nonbonding “pr” electrons localized on the 
halogen atom [15], it is somewhat interesting that the 
ionization potential of methane also falls on the 
same curve. A similar linear relation is expected to 
hold for the ionization potentials of the hydrogen 
halides That this is apparently the case, is shown 
bv the spectroscopic data [17] plotted as the upper 
curve of figure 5. The assumption that the ioniza- 


reegan and W f ite empirical linear relationships bet 
ner me fa number of isoelectronic ator 
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tion potential of HF falls in line with the hydrogen 
halides and hydrogen, as CH,;F does with the methy] 
halides and methane, supports the indicated inter- 
polation and the resultant value of 7% (HF)=14.2 y 
This is in agreement W ith the lowest of several values 
of the ionization potential; namely, 14.02, 15.7, and 
18.04 v, estimated at various times by means of 
quantum mechanical and thermodyvamic calculation 
[18]. A higher value of about 18 v is estimated from 
figure 1 of the paper by Teegan and Walsh [16]. 


5.2. Dissociative Ions 


The methyl ions are relatively abundant in all of 
the spectra, except that of methyl iodide, and the 
reproducibility of the appearance potential measure- 
ments is comparable with that of the ionization 
potential As indicated in table 1, there 
agreement with previously published values for the 
chloro-, bromo-, and iodocompounds, although the 
second uppearance potential with the 
ion-pair formation of the methyl ion in’ methyl 
chloride is previously unreported. Branson and 
Smith [4] did not search for negative ions, and thetr 
use of the linear extrapolation method for correcting 
the voltage scale evidently did not reveal the ion- 
pair process in methyl chloride. This is not sur- 
prising in view of the relative abundance of the 
Cl- ton shown in table 1. However, this fact, to- 
gether with the existence of Br~ and I> ions formed 
by electron capture, does not affect their conelusions 


Is cood 


associated 


concerning the carbon-halogen  bond-dissociation 
energies. 

The production of CH ions in methyl! fluoride is 
complicated not only by the simultaneous formation 
of F~ tons, but also by the apparent existence of 
dissociation processes resulting in methyl ions with 
thermal energy and methyl ions with excess kinetic 
energy. An accurate measure of the relative prob- 
abilities of thermal- and kinetic-energy processes ts 
very difficult in view of the magnitude of the effect 
of the ion-accelerating voltage on the efficiency of 
collecting ions with exeess kinetic energy. That 
the ions with kinetic energy are in great 
abundance at 2,500 v, however, is suggested by the 
fact that a several-fold increase in’ the apparent 
abundance of such ions relative to thermal-energy 
ions has been observed by Increasing the ion-accel- 
erating voltage from 150 to 500 v [Ss] This indicates 
a high probability for the process producing frag- 


eXCeSS 


ments with kinetic energy. 

In agreement with previous research [3,7], no 
evidence was found for methyl with 
kinetic energy in the chloro-, bromo-, or iodometh- 


ions eXCess 
whes 

For methyl fluoride, Lossing [19] has reported a 
measurement of A(CH 14.6 v. In the present 
research, measurements made at an lon-accelerating 
voltage of 2,500 v gave no clearly defined break in the 
exponential portion of the CH 4 ionization-efficiencs 
curve corresponding to ions with this eritical poten- 
tial. However, good agreement with the value was 
obtained for the appearance potential of the thermal- 
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energy ions (14.7 v) when these were resolved from 
the ions with excess kinetic energy (A.P.=16.3 v). 
Unfortunately, the sensitivity of the measurement 
was considerably reduced at the necessarily low ion- 
accelerating voltage (200 v). Failure to observe the 


lowest appearance potential associated with ion-pair 
formation in this experiment was purely a matter of 


sensitivity. (The observed abundance of F~ relative 
to CH is 0.6%.) The experiments give no direct 


evidence as to whether there is excess kinetic energy 
associated with ion-pair production. 

The agreement of the C—F bond-dissociation 
energy obtained in this research (see table 2) with 
that reported by Lossing [19] is interesting, but may 
be fortuitous. Although the existence of three 
dissociation processes seems fairly well established, 
the evaluation of three appearance potentials in the 
range of a few volts is very difficult. 

As the relative abundance of the halogen ions 
decreases markedly from the iodide to the fluoride, 
the precision of measurement of the appearance 
potential of these ions also decreases. The observa- 
tion of the appearance potential of 23 v for the F* ionis 
not very precise, but apparently is well established 
by several measurements. An additional experi- 
mental uncertainty results from the undesirably 
large (~7 \ voltage interval between the appearance 
potential of F* and the ionization potential of the 
calibrating gas (argon). A more detailed study of 
these observations is included in research currently 
in progress on the ionization and dissociation of the 
complete series of fluoromethanes. 

As demonstrated in table 2 of this research and as 
previously observed by Branson and Smith [4], 
satisfactory agreement is obtained for the chloro-, 
bromo-, and iodomethanes between the carbon- 
halogen bond-dissociation energy calculated from the 
appearance potential of the methyl ions and that 
calculated from the halogen ion. In disagreement 
with Branson and Smith, however, the present 
authors conclude that within the experimental un- 
certainties for these molecules, there is no evidence 
for the applicability of a rule proposed by Stevenson * 
and so successfully applied by him to the energetics 
of the dissociation ofghydrocarbons by electron 
impact [20]. 

The concept of the relation between bond distance 
and bond-dissociation energy is well known and often 
demonstrated to be other than a simple one. How- 
ever, a simple relation between bond distance and 
carbon-halogen bond-dissociation energy computed 
from the methyl ion appearance potential is indicated 
in figure 6. The dissociation energy for the first 
(’ -}7 bond in methane [20] is included for compari- 
son. Its position on the energy scale relative to the 
methyl halides is consistent with the fact that hy- 
drogen atoms will not react with CH.F, but do react 
with increasing ease from CH,Cl to CH,I [21]. 

The uncertainty in the measurement of the appear- 
ance potentials of the dissociative electron-capture 
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FIGURE 6 Plot of the carbon-halogen bond distance versus the 
observed values for the C—X bond-dissociation energy of the 
meth jl halide 8. 


ions, Br~ and I>, is much greater than that for the 
ion-pair process ions, F~ and Cl-. The very low 
energy required for electron capture is considerably 
below the ionizing-voltage calibration range.  Fur- 
thermore, the rapid change in ionizing current with 
ionizing voltage makes difficult the measurement of 
relative abundances of these ions near the threshold 
potential. It is evident, however, that in the case 
of methyl bromide and methyl iodide, the C —Y 
dissociation energies are equal to or less than the 
electron affinities of the bromine and iodine atoms. 

In spite of the qualitative nature of the informa- 
tion of the dissociative electron-capture ions, the 
negative-ion studies give additional information on 
the electrical properties of the methyl halides. As 
a sharp distinction appears between the compounds 
in the matter of the electron-capture process, the 
behavior of the bromide and iodide molecules is 
expected to differ from that of the fluoride and chlor- 
ide molecules when subjected to electric discharge 
or ionizing radiations, 


The authors are indebted to Fred L. MohlerJfor 
helpful and stimulating discussions throughout the 
course of this work. The assistance of J. H. Lengel 
in the preparation of the methyl fluoride is also 
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Variation in Distortion with Magnification 


Arthur A 


The distortion introduced Ith the Mage 
chief ray is a linear function of the magnificatic 
tion with parallel light incident on one side o 
distortion with parallel light incident on the ot! 
tion is given by D,=—Dy—™Dz This 
examples of three types of symmetrical lenses 


yn eq 


1. Introduction 


The growth of photogrammetry with its high- 
precision imaging systems has necessitated accurate 
determination of the distortion introduced by a lens. 
Because the distortion varies with the magnification, 
it has been customary heretofore to have the dis- 
tortion measured for each object-to-image ratio em- 
ploved. To avoid making such a of 
measurements, a simple linear equation for a lens 
with a single effective stop has been developed, from 
which the distortion at any magnification may be 
computed from the measured values obtained at 
two magnifications. The two distortions that would 
normally be used are those obtained with parallel 
light incident, in turn, on the front and on the back 
of the lens. These not only require the simplest 
experimental setup, but also have special significance 
as the limits of real image formation. Virtual 
images (i. negative magnifications) will be ex- 
eluded as having little practical value. 


series 


2. Theoretical Development 


In L907 kK. Wandersleb ! developed a hyperbolic 
relation between magnification and the ratio of the 
lateral displacement of the image from its distortion- 
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by 


. Magill 


a lens for a given axial inclination of the 
m. Specifically, if Do represents the distor- 
f the lens (zero magnification) and D. the 
ier, then the distortion D,, at any magnifica- 
lation has been experimentally verified for 


less position to the height of the distortionless image. 
By defining the distortion as the later displacement 
of the image, the relationship may be reduced to a 
linear function, fully expressible by the introduction 
of the two values obtained with parallel light. 

In figure 1, a lens of focal length f with surface 1 
and final surface *& has the paraxial foci F’ and F’, 
It is equipped with a single effective stop. The 
paraxial pupils are located at Ay and #4 at distances 
po and ps from the foci. The spherical aberration 
of the lens elements preceding and following the 
stop changes the positions of the pupils for non- 
paraxial ravs. For the chief ray with a slope angle 
of u to the optic axis in the object space and w’ in 
the image space, the pupils are shifted by amounts 
6 and 6’ to F and £” at distances p and p’ from the 
foct. 

Now consider the object point O with this same 
chief ray located at a height y from the optic axis, as 
shown in figure 2. The sign convention is that of 
taking figure 2 as an all-positive diagram. The 
intersection of the emergent chief ray with the 
Gaussian image plane at O’, a height y’ from the 
axis, will be taken as the image of O. For low- 
aperture lenses with negligible zonal aberrations, 
this is certainly a legitimate definition of the image 
position. Because most precision projection is done 
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at f/-numbers of 22 or larger, the definition is also in 
accord with photogrammetric practice. Thus, the 
magnification m, can be defined in terms of Gaussian 


opt ics as 


-". 
m-—lim* ’ 
7] / I 
where « and vs’ are the distances of the object and 
image planes from their respective foci. A ray in 


the object space directed toward the first nodal point 
V, will emerge at the same slope angle in the image 
space as though emanating from the second nodal 
point, .V’. This ray intersects the Gaussian image 
plane at the distortionless image position, a height 
my from the Optic aXtis 

The linear distortion for any magnification J),, ts 
defined as the difference between the actual Image 
position and this distortionless lnave position, that 


Is 


D, y" my a 


From figure 2 it is apparent that the values of y 
and y’ referred to the chief ray are 

Y J p)tan a, 5 

y’ r’ p’ tan u’ } 


By substituting the values of «4 and 2’ from eq (1 


and multiplving y through by m, the following 
equations are obtained 
my / mp)tan u, a 
y" mfp )tan u’ ( 


Substitution of eq (5) and (6) in eq (2) vields 


iD p’ tana’ ftanu p tan u ftan u’)m é 
For any given chief ray, all values in eq (7) are 
constants with the exception of the magnification 
and J),, is a linear function of m 
The magnification for an object located an infinite 
distance to the left is zero and eg 7) reduces to 
tan w’—/ tan wu S 


Dy= p’ 
This is geometrically illustrated in figure 3 where 
parallel light incident on the left at the slope angle 
vw forms an image in the paraxial focal plane on the 
right at a height of p’ tan uw’. The distortionless 
image position is given as the limiting value of my 
us Ww approaches ZeTo and Y approaches infinity 
which from eq (5) is f tan u 
For an object in the focal plane at the left 
magnification and the linear distortion are 
infinite However, if an obiect is considered 
to be located at the position of the infinite image, 
it would in turn be imaged at the intersection of the 
with the foeal plane on the left The 
defined as that obtained 
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linear distortion J) is here 
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when parallel light is incident on the right at a slope 


angle of wu’ Referring to figure 4, it is clear that 


DD) ptanu—f tan u’ q 


By dividing eq (7) by m, it is also true that 


dD 


Mii 


ftan w’, 10 


DD lim ptanu 


where the negative sign indicates that JJ~ is measured 


with the light voIng backward through the lens 
From eq (7), (8S), and (9 

i) D,—mD 1! 

} linear distortion at wi 


This equation gives the 
magnification in terms of the two distortions obtained 
with parallel light for any given chief ray. The 
only restrictions are that there be a single effective 
stop and a requirement that the chief ray ade- 
quately determine the center of Yravits of the image 
or that, if 1t does not, the discrepancy be a linear 
function of the magnification 
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FiGuRE O Same lens as figure 1 illustrating other reference 
angles 
It is often more convenient to refer the distortion to the slope angk ‘ r B 
than it to the slope angel For asymmetrical lens, vu, #7, and 8 may be used 
rrerchange ibly ‘ tl i ttl 


3. Experimental Method 


The equation has been verified for three types of 


commonly used symmetrical objectives at relative 
apertures of //22.) The experimental method is the 
same as that described by Bennett,’ using a nodal 
slide and optical bench. The probable error of 
measurement varies with the slope angle, ranging 
from approximately 1 to 5 w at 45° with parallel 
incident = light For finite object distances the 


probable error is greater by the nominal factor of 


fit | 


Kor the measurement of J, the value of uw’ that 
corresponds to any given wu may be found from 
eq (S , providing the distance p’ Po 5°) is known. 
Furthermore. for the user of the lens to be able to 
refer distortion to the chief ray requires that he 
know either (po 6) or (pry’ + 6’ The measurement 
of the location of the paraxial pupils presents no 
particular problem To determine the values of 
6 and 6’, the stop could be equipped with a cross hair 
and the displacement of its Image measured as the 
lens is rotated around each paraxial pupil in turn. 
The magnitude of 6 could also be computed from 


eq (9) as a check on the measured values, 
. _* 
In practice It ois often more convenient to refer 


the distortion to some other basis than the slope 
angle of the chief ray In the nodal slide method 
the distortion is referred to the slope angle of the 
straight line joming the objeet and its Gaussian 
HWnave, indicated us 6 In figure ). The slope angle, 
w, of the rav in the object space directed toward the 
first nodal point might serve as a more convenient 
basis for the user of the lens, who normally computes 


the conjugate distances from the nodal points The 
equations relating these two slope angles to that of 
the chief ray are 


mt b+ sr ; 
tan w I tan wu, 12) 


Pot b+ 2 
tan g tan wu, 13) 
{+4 
wien l 


where s is the separation of the nodal points. 

For the ideal symmetrical lens, the pupils coincide 
with the corresponding nodal points and po =po—/f, 
u—u', and 6=6’. Also from eq (8) and (9), J), 
D6 tan wu. Remembering that r=—f/m, eq (12 
and (13) may be rewritten 


Dd) i 
tan w—tan ut | (— i) (14) 


tan 2 tan w. 15) 


That wv, w, and 8 may be used interchangeably 
with little error is superficially apparent because 
D), is normally a very small percentage of f and the 
discrepancy between 8 and w maximizes for m-- 1, 
for which magnification the distortion is zero 
Although nominally svmmetrical lenses are actually 
slightly asvmmetric resulting in obvious differences be- 
tween D, and D the effeet on the reference slope angle 
has been ignored in obtaining the data for this paper: 
that is, the assumption has been made that u, wv’ 
and 8 are all equal. A detailed defense of this 
assumption for each lens tested would appear to 
be trivial in view of the good experimental agreement 
that was obtained. It should be pointed out, 
however, that if vw’ is not equal to ~, the assumption 
of equality will in itself tend to minimize the errors 
introduced by emploving a constant 8 for finite 
object distances 


4. Experimental Verification 


The experimentally determined distortions are 
given for examples of the three types of symmetrical 
lenses in tables 1, 2, and 3. In all cases the value 
of the distortion at a slope angle of 5° is. as- 
sumed to be zero. The errors in magnification are 
so small with respect to the other errors involved 
that all magnifications are considered exact. The 
measurements were made with a tungsten light 
source and a narrow-band filter having a dominant 
wavelength of 575 Miu. 

The italicized digits represent the differences be- 
tween the computed and observed values, and vive 
a measure of the error involved in’ predicting dis- 
tortion from 2, and J,. In general these dif- 
ferences are what would be expected from the prob- 
able error of measurement. The greatest diserep- 
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ancy occurs for lens A, at a magnification of 5, 


representing about three times the nominal probable 
error. The good agreement at other magnifications 
for this lens indicates that the greatest part of the 
discrepancy is a result of errors in the observed 
values. That the differences have the same alge- 
braic sign is evidence of a systematic error, which 
ean be attributed to the method of measurement. 
This consisted of making a run at 5° intervals of 
the slope angle without resorting to the time-con- 
suming process of resetting the lens on the nodal 
slide for each angle measured. Thus, any longi- 
tudinal displacement of the transverse axis (located 
at 7’ in fig. 5) from the center of rotation of the 
nodal slide for a given run results in a systematic 
error in the distortion. The magnitude of this error 
is very closely proportional to the tangent of the 


With the exception of By and B,, all 
of the were submitted to the Bureau for 
routine tests and were not available for sufficient 
time to allow more than 2, and in 
such runs to be made at each magnification 

The data obtained on four other lenses are pre 


slope angle. 


lenses 


euses 4 


SOTILEC 


sented graphically in figures 6, 7, 8, and 9. For 
convenlence nm plotting, the equation has been de- 
fined in two regions around unit magnification. J) 


is plotted against m for O<m<1 and J),,/m against 
l/m for This allows the point D. to 
be included as the lim D),,/m. The points give the 
i> 

experimental distortions and the straight lines the 
computed values from J) and 1) For the perfectly 
svmmetrical lens, all the lines would intersect at 
zero distortion and unit magnification; only in this 
case would there be no discontinuity, lor the lenses 
measured, minimum distortion occurs at some other 
magnification than unity, indicating slight asvym- 
metries introduced in manufacture. For very low 
distortion lenses, these slight asvmmetries can result 
in pronounced differences in distortion between 
lenses of the same type. This is clearly illustrated in 
table 4, where the measured values of J and J. in 
microns are given for 20 Hy pergon-type lenses of the 
same nominal focal length submitted to the Bureau 
for test. 

Equation (11) may also be applied to minimized 
distortions that have been calibrated by a given cri- 
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Figure 6. Distortion plotted against magnification for the 


indicated slope angles. 
/ ( 


In order to include infinite magnifications, the graph has been split as shown 
into two regions at unit magnification. The straight lines represent the values 
computed from the two equations shown in their respective regions rhe points 
indicate the experimentally determined values. The same graphical form has 
been employed in figures 7, 8, 9, 10, and 11 
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Figure 7 Distortion plotte d against magnification fo the 
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T terion. At any given magnification, the magnitude 
of the change in distortion introduced by this eali- 
bration is proportional to the tangent of the slope 
angle, representing an effective shift in the position 


Oo 





LENS B2 of the nodal points. For parallel incident light this 
7" DAGOR £/22 results in calibrated focal lengths, which are equal 


only for a perfectly symmetrical lens. At finite ob- 
ject distances this results in a calibrated image dis- 
tance or, more conveniently, a calibrated magnifica- 
tion. The calibrated focal lengths and magnifica- 
tions are applied solely as scale factors and are not 
used in the determination of conjugate distances 
Figure 10 shows the distortion presented in figure 8 
calibrated to zero at a slope angle of 30 

A detailed discussion of the effects on distortion of 
zonal aberrations introduced at apertures larger than 
/22 is bevond the scope of this paper. However, 
their net effect can only result in a shift of the center 
of gravity of the nonparaxial image and a change in 
the plane of best focus. If the center of gravity 
shift is a linear function of the magnification and if 
the Gaussian identities expressed in eq (1) adequately 
determine the image plane of best focus when the 
higher aperture focal length is used, then eq (11) will 
still be valid. 

In figure 11 the experimental distortions of a sym- 
metrical-tvpe lens at //22 and the maximum aperture 
of f 6.8 have been plotted as the difference from the 
values computed from Dy and DP, at f/22. The 
focal lengths and the values of JJ, and DD, for both 
apertures are given in table 5. No attempt was 
made to determine whether the image planes com- 
puted from the measured focal lengths were actually 
the planes of best over-all definition. At maximum 
aperture the effective stops were the outer lens retain- 
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hicgtre 10. Calibrated distortion plotted against magnification 
for the indicated slope angles. 


data for the same lens a8 presented in figure S has been calibrated to give ne rings. , . 
lists on at a slope angle of 30 Phe magnitude of the change in distortion For this lens the experimental points for / 6.S seem 
iny given magnification proportional to the tangent of the slope angle 


to lie along an S-shaped curve rather than being 
distributed about the straight line given by eq (11 














60 van . . . 
The probable error of measurement is certainly 
sore ~SN_£76.8 LENS Bs 1 higher at //6.8 than at //22, particularly for the larger 
20F ° 6 DAGOR 4 | slope angles. More data would have to be taken to 
¢ ¢ ‘ .” *¢ . ms : . . . 
of SS eo“ Si«<‘ eae determine if figure 11 is typical of all lenses of the 
ss ee wn 8 same type, so at the present time the results must be 
y ~*°r 7 considered as applying only to this particular lens. 
© | ™ It is of interest that the difference between the dis- 
= «ot ~ | tortion at f/22 and //6.8 minimizes in the region about 
0 /6.8 unit magnification, and elsewhere is generally greater 
E 20F oa . . > > ° ‘ . © 
Pe) wee 1 P than the deviation of the experimental distortions at 
. < . rice . 1 
z oF = as 5 . 4 f/22 from the computed vaiues. 
J 
a ~°Or 30 7 TABLE 5.9 Change in focal length and distortion with aperature 
r 1 ~ rhe change in focal length and distortion with averature for two apertures of 
— 207 ¥ the Dagor-tvpe lens Bs, with a nominal focal length of 6 in he distortion is 
- */6.8 given in millimeters at the indicated slope angles 
< oO o__» en +, : , 
w t/22 
‘ 20Fr 20 6 4 Distortion 
ad Focal 
0.0 5.5 1.0 0.5 0.0 Aperture length ” 
A) 30 $ 
= MAGNIFICATION(m) — if MAGNIFICATION ( /7 eo 
mim 
f/22 1M). Az a . OS 0. 142 0. 302 
FiGgurRE 1] Difference between the experime ntally determined 047 224 4335 
distortions for the indicated slope angles and those com- ; 
F ’ ; . : ‘99 hts 1). 12 “ O52 14y a0) 
puted from the measured values of Dy and De at f/22. O75 7 TD) 


rhe open circles represent data obtained at an aperture of //6.8, and the solid 
reles at an aperture of f/22 
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5. Conclusion 


he findings reported show that for low-aperture 
mmetrical distortion at finite 
distances can be simply computed from the 
values with parallel incident light 
bout the same accuracy as the direct experimental 
measurement, The necessary modifications required 
carrying out this computation on other types of 
lenses have been indicated, and it ts hoped that ex- 
pe rimental verification of these procedures will soon 
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Heats of Combustion and Isomerization of 


Six Pentadienes and Spiropentane 


Frances Maron Fraser and Edward J. Prosen 


The heats of combustion of six pentadienes and spiropentane were measured by com- 
bustion of the hydrocarbon vapors, carried by helium gas, in a flame at constant pressure; 


the reaction was carried out 


in a glass reaction 


vessel contained in a calorimeter. The 


calorimeter system was calibrated by means of electric energy. 
The experimental data vielded the following values for the standard heat of combustion, 


AHc°, at 25° C 


and constant pressure, of the gaseous hydrocarbon in gaseous oxygen to 


form gaseous carbon dioxide and liquid water, with all the reactants and products in their 


thermodynamic standard reference states, in kilocalories per mole, where | kcal 
1 ,cis-3-pentadiene, 
1,4-pentadiene, 768.94 +0.30; 2,3-pentadiene, 775.32 +0.16; 2-methyl-1,5- 
761.62 +0.23; spiropentane, 787.77 +0.17. 


1,2-pentadiene, 777.14 +0.15; 
761.64 + 0.15; 


butadiene (isoprene), 


4.1840 kj: 


763.30 +0.21;  1,trans-3-pentadiene, 


From the above data the heats of isomerization to isoprene in kilocalories per mole 


were calculated to be 2-methyl-1,3-butadiene (isoprene) =0; 1,2-pentadiene 15.52 +0.23; 
| ,c/s-3-pentadiene 1.68 +0.27;  1,trans-3-pentadiene 0.02 +0.22; 1,4-pentadiene 
7.32 +0.34; 2,3-pentadiene 13.70 +0.23; spiropentane 26.14 +0.24. 


Values of the heats of formation and hydrogenation were also derived from these data. 


1. Introduction 


This investigation is a continuation of the pro- 
gram on thermochemistry of monomers and related 
compounds [1,2,3,4]' sponsored by the Office of 
Synthetic Rubber of the Federal Facilities Corpora- 
tion. It also forms a part of the work of the Thermo- 
chemical Laboratory of the National Bureau of 
Standards on the determination of heats of formation 
of compounds of importance to industry and 
science [5]. 

Calorimetric measurements have been made of the 
heats of combustion at constant pressure of isoprene 
and six of its isomers of empirical formula C;Hg. 
Values of heats of isomerization, formation, and 
hydrogenation are derived from these data. 

These data are useful in the calculation of heats 
of other reactions involving these compounds and, 
in addition, the data are precise and accurate enough 
to vield valuable information on relations between 
energy content and structure of molecules and, 
together with thermodynamic functions, vield equilib- 
rium constants of important reactions, such as 
isomerization, hydrogenation, ete. 


2. Method and Apparatus 


The unit of energy is the absolute joule. For 
conversion to the conventional thermochemical 
calorie, the following relation was used: 1 cal=4.1840 


abs J 

The molecular weight of carbon dioxide upon 
which the amounts of reaction in these experiments 
were based was taken as 44.010 from the 1952 table 
of international atomic weights [6]. 

The heats of combustion of the seven compounds 


reported in this investigation were determined by | passed in with the hydrocarbon. 


Figures in brackets indicate the literature references at the end of this paper 


| 
| 


the method described previously [1,2] for gaseous 
hydrocarbons. As the present compounds are nor- 
mally liquids at room temperature, the vapors were 
passed into the calorimeter by use of helium gas as 
a carrier. 

Briefly, the method consists in determining in one 
set of experiments the energy equivalent, /,, of the 
calorimeter system by measuring the electric energy 
supplied to the calorimeter heater to produce a 
4-deg C rise in the temperature of the calorimeter. 
In another set of experiments, roughly the same 
4-deg C rise in the temperature of the calorimeter is 
produced by the chemical energy of combustion of 
the hydrocarbon in oxygen in a flame; the reaction 
is carried out in the glass reaction vessel contained 
in the calorimeter. Thus, the calorimeter is simply 
used as a comparator of the two types of energy. 

The calorimeter assembly, thermometric system, 
reaction vessel, sparking system, and electric-energy 
measuring apparatus have been described previously 
[1,2]. However, several improvements have been 
made in the apparatus and procedure. 

In the sparking system [1], the four dry cells pre- 
viously used as a source of energy were replaced 
during the course of these experiments by a 6-v 
storage battery. This produced a more constant 
sparking energy over long periods of time. 

The present compounds are liquids at room tem- 
perature, 25° C, with boiling points ranging from 
26° to 48° C. To introduce the vapors into the 
calorimeter, helium was bubbled through the liquid 
hydrocarbon with the bubbler and liquid maintained 
at some constant temperature below room tempera- 
ture in the range 19° to 24° C. A very steady and 
efficient flame was easily produced, even though, in 
some cases, a fairly large percentage of helium was 
made in the method of 


An improvement was 
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switching the hvdrocarbon gas or hvdrocarbon- 


helium gas mixture into the calorimeter from the 
bypass line. Previously [1,2] the hydrocarbon rate 
was set through a bypass line, and the pressure in 


this line was somewhat lower than the pressure 
nsic thie reaction vessel] with oxvgen flowing 
through it In order to avoid backflow of oxygen 


into the hydrocarbon line when the hvdrocarbon was 
turned into the vessel, it was necessary to hold back 
the hydrocarbon for a few seconds to build up a back 
slightly larger than the pressure in the 
vessel. This was also desirable because the slightly 
higher pressure thus built up in the hydrocarbon line 
made the hydrocarbon reach the burner tip more 
rapidly, and thus the time required for sparking was 
shorter than it would otherwise be. This method 
irreproducible and tended to produce 
t large initial flame, which then decreased in. size 
until a steady flow established itself. When hydro- 
earbon-helium mixtures were used, this method was 
particularly cumbersome These difficulties were 
avoided by installing a differential mercury manome- 
ter between the hydrocarbon bypass line and the 
hydrocarbon line leading into the 
With a needle valve at the end of the bypass line, it 
was then a simple matter to produce a steady pressure 
1 mm of mercury higher 
than the pressure in the vessel When the hvadro- 
carbon or hvdrocarbon-helium mixture was then 
turned into the reaction vessel, the rate was steady, 
and the hvdrocarbon reached the burner tip in the 
same number of seconds in each experiment 


pressure 


proved lo bye 


reaction vessel 


in the bypass line about 


3. Materials and Procedure 


The pentadienes used in the present experiments 
NBS Standard Samples with the following 


were 

amounts of impurities in mole percent: 1,2-penta- 
diene, 0.34 0.15; L.evs-3-pentadiene, 0.08 + 0.04; 
| frans-3-pentadiene, O.0S O.05: | .4-pentadiene, 
0.07 0.05; 2,3-pentediene, 0.15 0.07; and 2- 
methvl-1.3-butadiene (isoprene), 0.04 +0.03. The 


purification and determination of purities of these 
pentadienes, by the freezing-point method, are 
described by Streiff, Soule, Kennedy, Janes, Sedlak, 
Willingham, and Rossini |7] for their API-Standard 
lots 

The spiropentane was obtained from G. Wadding- 
ton of the Thermodynamics Laboratory, Petroleum 
Experiment Station, Bureau of Mines. The purifica- 
tion and determination of purity, by the calorimetric 
freezing-point method, are described by Scott, Finke, 
Hubbard, MeCullough, Gross, Williamson, Wadd- 
ington, and Huffman [8] for their sample C. The 
purity was 99.87 mole percent 

It is believed that in each case the Impurity was 
predominately isomeric and present in such small 
amount that the heat of combustion was not affected 
in the worst case by more than one-half the estimated 
uncertainty of the final results listed in tables 3, 
fo and 5 

The oxvgen used for combustion and the helium 
used as a carrier gas were freed of combustible im- 


purities by passage through copper oxide at about 
550° C. They were then freed of carbon dioxide and 
water before entering the calorimeter or bubbler by 
passage through tubes containing successively asca- 
rite, magnesium perchlorate, and phosphorus pen- 
toxide. 

Samples of the products of combustion were 
analyzed, by means of indicator tubes [9] for carbon 
monoxide, the most likely product of incomplete 
combustion, and mass spectrometrically for other 
products of incomplete combustion by the 
Chemistry Section of the Bureau 
the total amount of carbon monoxide greater than 
0.005 percent of the amount of carbon dioxide 
formed in the combustion. No other products of 
incomplete combustion were found by mass spec- 


. (ras 
In no case Was 


trometer analy sis; hence no corrections were applied 
for incomplete combustion 

For each calorimetric combustion experiment, the 
amount of reaction was determined from the mass 
of carbon dioxide formed; 1 mole, or 44.010 ¢/ of 
earbon dioxide was taken as equivalent to one-fifth 
mole of these C, hydrocarbons 

In these experiments, as in the experiments on 
the C, hydrocarbons [1,2], in addition to the deter- 
mination of the mass of water vaporized during the 
experiment, a determination was usually made of the 
total mass of water formed during the combustion by 
flushing the reaction vessel with dry oxvgen over- 
night. From the total masses of water and carbon 
dioxide, the stoichiometric ratio, 7, of the number 
of moles of carbon dioxide to the number of moles of 
water collected multiplied by the factor 6 2a or 8/10 
where C,H, is the empirical formula of the hydro- 
was calculated as deseribed in [2]. The 
number of experiments, the mean value of r, and 
the standard deviation of the mean for these com- 
pounds (except for 1 frans-3-pentadiene) were: 1,2- 
pentadiene (4), 0.99988 + 0.00021; 1,e7s-3-pentadiene 
(4), 1.00003 0.00013: | .4-pentadiene Dd 0.9995? 

0.00027; 2.3-pentadiene (4), 1.00007 0.00019; 
2-methyl-1,3-butadiene (4), 0.99963 + 0.00008; spiro- 
pentane (3), 0.99957 0.00007 These ratios give 
additional evidence of complete combustion. In thy 
above calculation, the molecular weights of carbon 
dioxide and water were taken as 44.010 and 18.0160, 
respectively, 

Because it is possible that a strong drving agent in 
the hydrocarbon line might cause isomerization or 
partial polymerization of these hydrocarbons, most 
experiments were performed without any drving 
agent in the line. However, in some of the calori- 
metric combustion experiments the hydrocarbon 
vapors were passed through a short length of tubing 
containing magnesium perchlorate before entering 
the calorimeter. The results of these experiments 
did not differ significantly from those run without 
the drving agent except in the case of 2,3-pentadiene 


carbon 


The international atemic weight of carbon | recentiv been changed fror 
2.010 [6) to 12.011 [22 The molecular weight of carbon dioxide was taken a 
44.010 in this paper to retain consistency with values previously determined it 
the Thermochemical Laboratory for the heats of formation of other hyvdrocarbor 
ind of carbon dioxide rhe values of the heats of combustion per mole of hydro 
carbon reported here can be corrected for the effect of the change th ‘ 
atomic weight of carbon by multir ition, usir the factor 44.011 44.01 
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and of 1,frans-3-pentadiene. In these cases the 
higher results, obtained with the drving agent in the 
line and the discoloration of the drying agent in 
the of 2,3-pentadiene, indicated that some 
alteration of the hydrocarbon took place over the 
drving agent. In these two compounds only the 
results without drying agent were used in obtaining 
the mean value 

[n none of the compounds, except 1 ,frans-3-penta- 
diene, Was a significant amount of water vapor 
carried into the calorimeter with the hydrocarbon 
vapors, even in those cases where no drying agent 
This is indicated by the values of the 
stoichiometric given above. In the case 
of 1,frans-3-pentadiene, the sample was allowed to 
stand in the bubbler tube in the refrigerator for 2 
weeks before and moisture got into the 
bubbler lines. The stoichiometric ratios, 7, indicated 
that in the calorimetric combustion experiments, the 
following amounts of water vapor were carried into 
the reaction vessel with the hvdrocarbon: 9.20, 12.61, 
7.81, 3.55, and 0.48 mg in the experiments | to 5, 
respectively. The values of the water vaporization 
were decreased in absolute magnitude 
by the appropriate amounts, so that, in effect, this 
water entered and left the calorimeter in the vapor 
state 

In the course of these experiments, it was dlis- 
covered that there was an error in the gas correction, 
q Several experiments were run when the room 
air conditioner was not operating and the room 
temperature was about 30° C instead of near 25° C, 
In these experiments it was discovered from the 
erratic result” that We overcorrected for the 
introduced into the calorimeter. It was 
presumed that this was due to the fact that the inlet 
vas temperatures taken as that of the room, 
whereas in reality, the inlet tubes pass through a 
region ino which they are affected somewhat by the 
jacket temperature. By running calorimetric experi- 
ments in which only the gases were passed into the 
calorimeter with different room temperatures, it was 
found that the proper gg was obtained when the 
difference between the room temperature and the 
calorimeter temperature was multiplied by the 
factor 0.44. This correction was applied to all of the 
experiments reported here and was an appreciable 
even though in only one of the experl- 
ments was the air conditioner not operating. In 
this experiment No. 5 on I evs-3-pentadiene), the 
correction was 0.09 percent. The usual magnitude 
of this correction was about 0.01 percent 
This indicates that it might be desirable to equilibrate 
the inlet gases in a coil in the jacket of the calorimeter 
before leading them into the reaction vessel in the 
calorimeter. 

In the electrical calibration experiments the usual 
corrections [2] were made for the potentiometer 
ratio, the the heater leads between the 


case 


was used, 


ratios, /, 


use, some 


eorrections., rs 


us 


energies 


were 


correction, 


or less. 


loss in 


calorimeter and jacket, and the difference in power 


settings of the automatic 


and last (approximately) 3 


during the temporary 
switch during the first 


sec of the heating period. This latter correction, 
amounting to only about 3 ppm, was made more 


accurately by actually determining the change in 
current and voltage from the temporary to the per- 
manent settings in separate experiments, rather 
than calculating it from the different resistances of 
the paths. This correction could be made completely 
negligible by making the resistances of the paths 
through the switch low and equal. 


4. Results 


The results of the electrical calibration experiments 
are civen nh table # The eround glass joint on the 
reaction vessel cracked after the experiments on 
| .cvs-3-pentadiene. Because of repalrs, 
two calorimeter svstems were used, System I was 
used in the experiments on 2-methyl-1,3-butadiene, 
| .4-pentadiene, spiropentane, 2.3-pentadiene, and 
1 .cvs-3-pentadiene, and system Il on 1 frans-3- 
pentadiene and 1,2-pentadiene. The difference in 
energy equivalent of the systems agreed satisfactorily 
with that calculated from the change in mass of the 
calorimeter parts. System | differed from that last 
used on the Cy hydrocarbons [2] in that it contained 
an entirely new calorimeter can; hence, the difference 
in energy equivalent could not be calculated 


necessary 


TABLE 1] Electrical calibration er pervments 
Ne 
\p ble / } 
Ni Pas oyg / ~ 
( ! t ‘ I 
ol 
! 0. 34312 AAU) | 140748_ 8 
2 Wi5sl4 MWOTSS. 7 140787. 1 
HVS) SUO87 1407048 1472 é 
1 STOHSS 5522.9 140785. 4 | 
Or Le WY1T6. 7 149704. 7 
Calorin rsystem I] 
SU 5000) ASUS7T. 7 148836). 3 
SuTSTY 211.4 148817. 6 
; SHS SSuuu 4 148840. 7 
= - L4dsahu iu 
} {44410 ATALS 148851. 1 
412187 O13. 5 148841. 4 | 
‘ sS411 SSS S 148845. 4 


In table 1 are listed: the experiment number; 
AR., the temperature rise of the calorimeter system 
corrected for heat transfer to the surroundings and 
for heat of stirring. expressed as an increase in resist- 
ance of the given platinum resistance thermometer 
on the given resistance bridge; the electric energy, 
EF’, added to the calorimeter system; and K’AR., 
the energy equivalent of the system expressed in 
absolute joules per ohm. The temperature rise was 
approximately 4 deg C, the initial temperature 23° C, 
and the final temperature 27° C. The jacket tem- 
perature was maintained constant at approximately 
27.01° ©, 
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As a further check on the energy equivalent and 
the stability of the system, another set of electrical 
calibration experiments on system II was made a 
year later. <A series of six electrical calibration ex- 
periments vielded the mean value 148837.4 +7.5, 
which is in excellent agreement with the value in 
the table, 148839.3 + 4.9. 

The results of the calorimetric combustion experi- 
ments are given in table 2, in which are included: the 
experiment number; the mass of carbon dioxide col- 
lected, upon W hich the amount of reaction was based; 
AR. in ohms; q,, the gas correction; g,, the correction 
for vaporization of water from the calorimeter, which 
in the case of 1,trans-3-pentadiene includes a reduc- 
tion in this correction for the water vapor carried 
into the calorimeter with the hydrocarbon; g,;, the 
ignition-energy correction; and AH, the heat of 
combustion at 25° C expressed in absolute joules 
per gram of carbon dioxide formed where 

AH=|E,AR.— 4-4. — qi / (gC O 
total 
the 


As in 


energy 


experiments, the 
about 59,000 j, 


the electric-energy 
involved was usually 


TABLI 2 Calorimetri 
Compound expe Mass CO LR 
Ohm 
SHOS 0. 178616 
2 +. 12649 306816 
2-Methyvl-l, 3-butadiene sO ; 4. 11258 {U5225 
prene ‘ 2. 4692 234347 
+ S149 {7OSH7 
14489 W3STO 
l $. 2278S 0. 313045 
2 +. (198 404023 
14-1 vl ‘ ; $ QR27 IRAOTH 
; $4. (OTH2 SRADOS 
| 2 O7OR8 M1465 
! §. G5G2T 0. 39244¢ 
eS . } 2 4549 s91151 
’ $a 4. GA727 $424 
‘ GOL; {NON 
l YS516 0 SS7580 
2 G83 1 t{SNU57 
2 %- Pentadic , 82431 $7 2353 
‘ USGS) s&A520 
4, GATRY tes Md) 
2. 82274 274297 
! + 10073 0. 393807 
2 4.0042 $93134 
! Pentad , ; } 93324 477502 
; +. ONOND {00855 
| f 4 10007 494952 
f ] + O4n82 0. 344830 
2 4.11379 397232 
l/ s-3-Pentadic ) $ 4.07907 393948 
4 4. 06799 393365 
5 2. M6571 286520 
{ l + GUS4S 0. 344099 
| 2 + GASH) SU2GS 
1,2-Pentadier ; wil42 sROO5S 
| QRHAT 492396 
7U5S {U166S 
* E,= 149792. 2 j/ohm 
FE, = 148839.3 j/ohm 
Corrected for the effect of 9.20, 12.61, 7.81. 3.55. and 0.48 mge « ite » 
carried into the calorimeter with the hydrocarbor nthe f ym ! 


temperature rise about 4 deg C, the initial tempers. 
ture 23° C, the final temperature usually 27° C. any 
the jacket maintained constant at about 27.01° ¢ | 

The ignition energy was determined in separay, 
short-time experiments [2]. The mean ignitigy | 
energies as determined by such experiments were: 
2-methyl-1,3-butadiene, 54.8; 1,4-pentadiene, 457 
spiropentane, 46.4; 2,3-pentadiene, 49.6; 1,cis.2 
pentadiene, 44.1; 1,frans-3-pentadiene, 58.3; 19. 
pentadiene, 47.9 j, all computed to 20 see of sparking 
In separate experiments in which only sparking 
occurred, the energy was found to be 49.85 j for 2% 
sec of sparking. The values of q; given in table 9 
were computed from the ignition energies giyey 
above on the basis of 20 see of sparking: 49.85 1% } 
were added for each second of sparking beyond 2 
sec, because the sparking was continued for longer 
periods in many cases to be sure the reaction had | 
started. The values of the ignition energies Five 
above are all close to the sparking energy, 49.85 j 
for 20 sec of sparking, indicating that the departures | 
of the flame from steady conditions during ignitio 
and extinction and the “blank” corrections to the 
absorption tubes were small 


comb istion er pe hie nis 
Mi im vv ilvie of 
. All with its 
‘ Mi at 2 standard devia 
tion 
g@Co gC Ov 
10). 452.4 14 14483. 0 ) 
11.2 3.4 ‘4.8 14482.0 
12.0 0. 6 4.5 14479. 6 
10.2 774.1 104 14483. 2 4481.1 +19 | | 
14 133 104. 7 14472. 7 
+4.3 482. 7 453. ¢ 14485. 4 
29 207.0 18.0 14626, 5 } 
11.3 $27.9 95. 6 14614.8 
14.7 16,8 70. ¢ 14616. 1 14620.3 > ¢ 
1.3 3 195. 3 14617.4 | 
2 126.9 182.8 14626. 9 
ae 57H. 9 59 14981. 2 | 
15.2 41.1 58.9 14976. 3 { o- . 
] 74.0 au 14979. | 4908.4 +1.2 
le Tim xu 14976. 3 | 
Ww. 7 748.3 2.1 14743.4 | 
13.4 700.8 12.1 14742. 3 
1. 7 655.0 f2.1 14743.9 - 
v3 Huo. 3 ut 14752.0 14r4l.t 
u3 Hs. 4 “2.1 14739.4 
2.9 74 2.1 14738. 5 
11.2 40) it 14516.4 } | 
+u 0 7s if 1455.4 | 
$4 6. 0 if 14516. 4 14513.1 7 
Rg “4.0 ‘Ht 14514. 3 | 
$4.1 4 A 14510.0 | 
x4 $75.4 70.8 14482. 2 } 
12.7 w4 70.8 14474. | 
12.4 190. 6 70.8 14482. 7 144816 409 | 
1 25.0 TOS 14506. 1 
H.4 422 2 70.8 14405. } 
1.2 33.4 0.4 14773.0 
; 3 m4 14776. 3 
24 57.2 “4 14777.6 14776.2 Os 
4.2 MT. 7 we4 14777. 1 
2.2 “iY wn4 1437:.2 
Experiments marked d were run with magnesium perchlorate in the hydr 
carbon vapor line hese experiments were included in obtaining the mean k 
ill compounds except 2,3-pentadiene and 1 frans-3-pentadiene (see text 
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TABLE 3 Heats of combustion | TaBLe 4. Heats of combustion, formation, and hydrogenation 


I Ds) 
npera- in the gaseous state at 25° C 
» and 
on Compound (gas Alf at 25° C 
C. | - Compound (gas aHe aHy® 4H° 
parat gC O kj/m keal/m apcregenation 
Nition 1.2-Pentadient 14776.2 +2.8 3251.50 40.62 777.13 40.15 
wer 1 'cis-3-Pentadient 14513.1 +3.9 3193.61 +0.86 763.29 +0.21 kcal/mole kcal/mole kcal/mole 
ere ''trans-3-Pent adien 144816 29 3186.68 +0.64 761.63 +0.15 1,2-Pentadiens 777.14 +0. 15 +33.61 +0.16 —68.61 +0. 21 
45.7 1'4-Pentadient 14620.3 +5.7 $217.20 +1.25 768.93 +0.30 1 ,cis-3-Pentadiene 763. 30 +0. 21 +19.77 40.22 —54.77 +0. 25 
° zs 3. Pentadient 14741.6 +2.9 $243.89 +0.65 775.31 +0.16 1,frans-3-Pentadiene 761.64 +0.15 +18.11 +0.16 —53.11 +0. 21 
sCUS8-3. 2-Methyl-1,3-butadiene 1,4-Pentadiene 768. 94 +0. 30 +25.41 +0.31 —60.41 +0. 33 
l 9 - isoprene 14481 1+4.3 3186.57 +0 96 761 61 +0 23 2,.3- Pentadiene 775. 32 +0. 16 +31.79 +0.17 —6.79 +0. 21 
y sya Spiropentane 14978.4 +3.3 $206.00 +0.73 787.76 +0.17 2-Methyl-1l, 3 buta 
rking | i diene (isoprene 761.62 +0. 23 +18.09 +0. 24 ~55.01 +0. 29 
, “kj 5 : Spiropentane 787.77 40.17 +44.23 +0. 18 
f ing In table 3 are listed for the seven nee the 
» 9 . . = 1 
Or 2 | values of the heat of combustion, AH, ll a " — 
able 2 : . Taste 5. Heats of isomerization to 2-methyl-1,3-butadiene 
expressed in joules per gram of aiken dioxide’ (isoprene) . 
lve 4 f 
oven | kilojoules per mole of hydroe arbon (1 mole of 
20) |) vdrocarbon is considered equivalent to 5 moles of 
nd 2% ; AH °® isomeriza- 
7” carbon dioxide), and kiloe alories per mole of hydro- Compound (gas tion to isoprene 
( Pp ( s) at 25° C 
"a | poor som These values refer to the heat of combus- cides 
— tion In the standard calorimetric process. In these pachtieini 
vive : ; - ; 
vont | experiments, In which approximately three times as 2-Methyl-1,3-butadiene isoprene 0 
‘ yy) y 1,2-Pentadiene 15.52 +0. 23 
se | muc h oxygen Was use “l § is Was needed, the process 1 ,cis-3-Pentadiene —1.68 +0. 27 
“Lures : 1 ,frans-3-Pentadiene —0.02 +0. 22 
. ) . ‘ ; 2 +0. 22 
nition | ™ be defined | y the equation 1,4-Pentadiene . 7.32 +0. 34 
| 2,3-Pentadiene 13.70 +0. 23 
} - ‘ - ‘ Spiropentane . 26 +(). 2 
10 th C.H, (gas, 1 atm, 25° C)+-21 O, (gas, 1 atm, 25° C) ie aes iheaiaes 
\ = ‘ ° 
5CO.+ 14 O.| (gas, 1 atm, 25° C)+4H.O(lig, 1 : : : : : 
ICO, + 14 O.] (gas, +HO(lig, 1 | 5. Comparison with Previous Investigations 


| atm, 25°C 
Lebedev, Chochlovkin, and Kalacheva [13] deter- 


The estimated over-all uncertainties assigned to | mined the heat of combustion of isoprene with an 


vet the values given in table 3 were arrived at by the | uncertainty of about 1 percent. Their value agrees 
jevi | ¢ combination of twice the standard deviations of the | with the value from the present investigation within 
means of the calorimetric combustion experiments | this uncertainty. 
and the electrical calibration experiments, together Jessup [14] determined the heat of combustion of 
with an estimated 0.01 percent for uncertainty in | liquid isoprene in a bomb calorimeter. Correction 
ig; electrical measurements and 0.01 pereent for un- | of his value for the new value for the standard heat 
| certainty in the determination of the absolute amount | of combustion of NBS Standard Benzoic Acid, with 
of reaction. which he calibrated his calorimeter {Q, (25° C 
In table 4 are given the values of the heats of com- | 26433.8 abs j/g [15,16,17]}, together with the use of 


bustion, formation, and hydrogenation of these | slightly better values for AC, and pAV for the 
compounds. The standard heat of combustion, | reaction, vields—AHc°® (25° C)=754.9 + 0.4 keal/mole 
AHe°, was derived |2| from —AH by taking into | for liquid isoprene. Taking the heat of vaporization 


account the change in heat content for each gas from | of isoprene as 6.3 keal/mole [23] vields —AHc° (25° 
= | its given pressure to zero pressure, so that each sub- | C(—761.2+0.4 keal/mole for gaseous isoprene. This 
stance will have the heat content of the thermody- | is in good agreement with the value 761.62+0.23 
‘namic standard state. These heats of combustion | kcal/mole from the present investigation. 

£10 | refer to the reaction: Kistiakowsky et al. [18,19] determined the heats 
of hydrogenation of 1,4-pentadiene and of a mixture 
l C Hy(gas) +7 O.(gas) =5CO,(gas) +4H-O(liq). of 1 ,cis-3-pentadiene and 1 ,frans-3-pentadiene. These 
data were corrected to a molecular weight of 
£17 The heats of formation were calculated from the | carbon dioxide of 44.010 and from the experimental 
heats of combustion, utilizing the values 68.317 + | temperature of 355° K down to 298.16° K_ [20]. 

0.010 keal/mole [10] and 94.052 +0.011 keal/mole | For 1,4-pentadiene, they obtained AHh° (25° C) 
11] for the heats of formation of liquid water and 60.21 +0.18 keal/mole, which is in good agree- 
** | gaseous carbon dioxide, respectively. ment with the present value of 60.41 +0.33 


The heats of hydrogenation are the heats of hydro- | keal/mole. For the mixture of 1,ci/s-3-pentadiene 
genation to the parent saturated hydrocarbon, | and 1,frans-3-pentadiene, they obtained AHh®° (25° 


aa -pentane or 2-methvlbutane. They were derived | C) -53.63 +0.18 keal/mole, which lies between 
} by utilizing the values previously reported for the | the present values of —54.77 +0.25 keal/mole and 
heats of formation of gaseous n-pentane and 2- 53.11 +0.21 keal/mole for 1,c7s-3-pentadiene and 

— | methylbutane, 35.00 +0.16 and 36.92 +0.20 | 1,frans-3-pentadiene, respectively. 
nean & | Keal/m, respectively [12]. Humphrey and Spitzer [21] determined the heat of 
In table 5 are given the heats of isomerization of | combustion of liquid spiropentane in a bomb ecal- 
{ the various isomers to form 2-methyl-1,3-butadiene | orimeter. Their value corrected for the new value 
soprene of the standard heat of combustion of benzoic acid 
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[15,16,17], with which they calibrated their cal- | 
orimeter, is —778.8 keal/mole. Taking the heat of | 
vaporization as 6.6 keal/mole [8], their value for the 
heat of combustion of spiropentane gas, at 25° C 
becomes —785.4 keal/mole. This value is not in 
agreement with the present value of —7S87.77 +0.17 
keal/mole. However, they indicated that the un- 
certainty in their value was large and that the value 


should be considered as preliminary 
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a, 90lid-State Reactions and Dielectric Properties in the 
| . . . . . . ] 
34,9 System Magnesia-Lime-Tin Oxide-Titania 
ache 
— L. W. Coughanour, R. S. Roth, S. Marzullo, and F. E. Sennett 
1499 
1711 \ study has been made of solid-state reactions in the quaternary system MgO-CaO-SnO, 
omet; TiO, and in its subordinate binary and ternary systems. Compatibility relations have 
Print “| been determined for each. Extensive solid-solution formation has been noted in the 
SnO.-TiO,, MgO-SnO.-TiO,, CaO-SnQ)-TiOs, and MgO-CaO-SnQ,-TiO, systems. Little or 
th. a | no solid solution was observed in the other systems involved. One ternary compound, 
936 having the probable formula 2MgO-SnQ,-TiO»s, has been observed No quaternary com- 
ky, | pounds were detected 
937 \ survey has been conducted of the effect of composition and temperature variations 
K. § on the dielectric properties of specimens in some of these systems. Data are given for the 
42, 22 values of A and Q at 50 kiloeycles per second, and at 1 and 20 megacycles per second. The 
changes in these values with changes in temperature have been studied at 1 megacycle per 
s 1s | second 
\ Indexed X-ray powder patterns are listed for the compounds CaO-TiO,, CaO-SnQ,, 
( 12MgO-Sn0,-TiO An unindexed pattern is given for the compound 2CaO-SnQ), 
VSK 
| 1. Introduction CaQO.—-Reagent-grade calcium carbonate of purity 
represented as 99.5 percent. 


A partial survey of the MgO-CaO-SnO,-TiO, 
m has been conducted as a part of 
indamental research on ceramic 


S\ s- 
\ dielectrics. Lim- 


ted — of a few of the subsystems involved 
have been studied by previous investigators. The 
Mg0-TiO, system has been reported on by. Rieke 
and Ungewiss [1]* and by Shelton et al. [2]. The 
Lceneation of dielectrics in the CaQO-TiO, svstem 
pare been reported by Bunting et al. [3]. Dielee- 
tries in the SnO,-TiO, system were studied by 
[Schusterius [4] and by Verwey and Stevels [5]. 
Wainer 6] received a number of patents for dielec- 


ic bodies composed of alkaline-earth titanates and 
ikaline-earth stannates. Coffeen [7] has discussed 
he ceramic and dielectric properties of some individ- 
il stannates 

In the present work, the emphasis has been on the 
udy of solid-state reactions occurring among the 
xide components, and the effects of composition 
ind temperature on dielectric properties, rather than 


: 
| 


m the development of ceramic dielectrics having 
pecific properties or meeting any given set of 
(" pecifications, 
| 2. Materials and Methods 
2.1. Materials 

The following materials were used as sources of 
\the component oxides in this study: 

MgO. Reagent-grade magnesium carbonate of 
purity represented as 99.5 percent was the usual 


in the fabrication of a 
specimens, a sample of 
t-percent purity was used. 


1) edt the Of Ordnance Research 
cket nd ite the terature reference t the « 


However. 
dielectric test 
Al of 96 


source material 
of the 


a program of 


TiO,.—-Spectrographic-grade_ titama of nominal 
purity over 99.9 percent was used in all specimens 
for the solid-state studies. In the preparation of 
some of the dielectric test specimens, a less highly 
purified grade of titania, designated TMO, was used. 
This grade of titania has a purity of about 98.7 per- 
cent. A commercial-grade calcium titanate was 
used in the preparation of a few dielectric test sam- 
ples. This material has a nominal purity of 96.5 
percent, the major impurities being MgO, SiQ,, and 


Al,Os. 


SnQ,.—-Precipitated tin oxide of purity over 98.5 
percent. Hydrated, precipitated magnesium stan- 
nate and calcium stannate were used as source 


materials in some cases. The calcium stannate was 
used wherever possible in dielectric test’ specimens. 
These materials both have a nominal purity over 99.5 
percent. 

2.2. Sample Preparation 


Compositions to be prepared were designated on a 
mole-ratio basis, and calculations of the weight com- 
positions were made to +0.01 percent. No correc- 
tions were made for the percentage purity of the raw 
materials, although it realized that dielectric 
properties may be affected by the presence of differ- 
ent kinds and amounts of impurities. 

The raw materials in sufficient amounts to vield 
10-¢ sample were weighed to the nearest milligram 
and well mixed in the dry state. The samples were 
then mixed with about 5 percent of a 5-percent starch- 
solution binder, and 1-in.-diameter disks were 
formed a pressure of 5,000 Ib/in?. The pressed 
disks were calcined for 4 hours at 1,000° to 1,200° C 
on platinum foil in an oxidizing atmosphere. The 
calcined disks were pulverized, using a mullite 
mortar and pestle, and the samples were ready to be 
used either for the solid-state studies or for pressing 


Is 


into dielectric specimens. No chemical analyses 
were made after the firing. 








2.3. Study of Solid-State Reactions 


In the study of solid-state reactions, a conven- 
tional type platinum-wound quench furnace was 
used. The temperature in the furnace was meas- 
ured with a Pt-Pt-10-percent-Rh thermocouple and 


was controlled by a modified Roberts-type control- 


ler. The quenching technique was used in order 
that high-temperature solid solutions could be ob- 
served. For quench tests, a small amount of the 


prepared sample was placed in a platinum enve- 
lope, which was then suspended in the furnace. 
The test temperature ranged from 1,400° to 1,550 


C and was maintained constant for a given length 
of time. After this reaction time, the sample was 
quenched, usually in air. In some cases, water or 
carbon tetrachloride was used as_ the quenching 


medium. 

Alternatively, samples were heated to tempera- 
tures as high as 1,750° C and were cooled relatively 
slow ly. The quenc hed or slowly cooled spec imens 
were then analyzed by X-ray diffraction means and 
by petrographic methods 

These procedures are, in general, similar 
discussed by Foster [S] 


to those 


2.4. Preparation of Dielectric Test Specimens 


The prepared samples were moistened with about 

percent of starch-solution binder, and disks about 
in. thick and % to 1% in. in diameter were formed 
at a pressure of 10,000 to 15,000 Ib/in.?) The pressed 
disks were fired for % to 1 hour on platinum foil 1 
an oxidizing atmosphere. Maturing temperatures 
varied from 1,400° to 1,750° C, depending upon the 
composition and the raw materials used. For matur- 
ing temperatures up to 1,550° C, a platinum-wound 
resistance furnace was used. Temperatures were 
measured with a Pt-Pt-10-percent-Rh thermocouple 
and were controlled by an automatic commercial 
controller-recorder. For maturing temperatures 
higher than 1,550° C, an oxide-resistor furnace [9] 
was used. This furnace was manually controlled, 
apd temperatures were measured with a calibrated 
optical pyrometer. 

The fired specimens were then used to determine 
their absorption value, which is a convenient meas- 
ure of the degree of maturity. The absorption was 
determined by placing the weighed disk in ne 
pure carbon tetrachloride. The liquid was boiled 
for 5 hours and allowed to cool. The specimen was 
removed from the liquid, quickly surface dried, and 
in a stoppered bottle. From the gain in 
weight, the equivalent water absorption was calcu- 
lated. A specimen was considered be properly 
matured when its equivalent water absorption was 
0.1 percent or less of the dry weight. 

Some compositions could not be fired to an imper- 
vious condition, and, in these dielectric 
were performed on specimens having an absorption 
than 0.1 percent 


weighed 


to 


causes, tests 


value greater 


2.5. Determination of Dielectric Properties 


Ne Ss and 


At frequencies between 50 ke/’s and 
. the clielee- 


at temperatures between 25° and 250 


tric constant (A) and the Q-value (when greate 
than 10, the Q-value is very nearly equal to the! 
reciprocal of the power factor) were determined by 
measurements on a @-meter. The test specimens 


were coated on each side with a silver paste ang 
fired to 750° C to form silver electrodes 3 to 5 mils 
thick. The specimen was then cooled overnight 


Preliminary determinations were made at a temper. 


ture of -+0.5° C, and at a controlled relatiy, 
humidity of 40 percent or less. : 

For measurements at temperatures greater tha 
25° C, the specimens were placed on an electric hot. 
plate and were connected to the (J/-meter by 10-1 
leads. The temperature was controlled by Means 0 
an adjustable autotransformer and was measured } 
means of a thermocouple inserted into a. silvere 
ceramic disk adjacent to the specimen. Correction ; 
factors for the capacitance and inductance of tly 
lead wires were applied. 

For measurements in the 
tween —50° and 25° C, the specimens were placed j 
an insulated chamber cooled by dry The tem- 
perature was controlled by a thermostat and was 
measured by means of a liquid-in-glass thermometer, ( 
The measurements were made at a frequeney of 
\le/s and were obtained by using a types SPOA twin-T / 
impedance circuit combined with a model HRO-50T | 
radio receiver. Corrections for the capacitance an 
inductance of the lead wires were applied 

For a given specimen, the reproducibility of — 
urements of dielectric constant is about +3 percent 
depending upon the dimensions and capacitance afl 
the sample. For different specimens of the same) 
gross composition, additional variations of A-values} 
result from factors such differences in firing| 
schedules, purity of raw materials, etc 


ice 


as 


3. Results of Solid-State Reaction Studies 


3.1. Binary Systems 
a. MgO.-TiO | 
Three binary compounds are known to exist | 
the MgO-TiO, system [10]. They are 2\MgO- Ti0,| 
MgO0-Ti0,, and MgO0-2T10,. There is no solid- 
solution development in this system | 
b. CaO-TiO 

There are two binary compounds in this systel 
(11]. They are CaO-TiO, and 3CaO-2TiO,.. Th 
X-ray pattern for 3CaO-2TiO, has been given in 


previous publication [11].The indexed powder pat 
tern for CaO-TiO, is listed in table 1. This con 


pound is an orthorhombic perovskite with the fo 


lowing pseudocubic-type parameters, as suggested) 
by Megaw [12] 

és V2 basic pseudocell 5.38] A. 

h~ 2 basic pseudocell 7.645 

CZ WZ basic pseudocell 5.443 


A, 
A 
} 


150 


temperature range be 4 


On 
order 
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table 
and | 
mens 
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MeO 
snQ, 
2Meot 
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reat TABLE | ay diffraction pattern for the compound variance with the results of Coffeen [7], who reported 
> T CaO-TiO 
to the § a0-Ti the compound MgO-SnO, to be thermally stable. 
ied by , ' , RoI TABLE 2. Results of X-ray examination of specimens in the 
"1Meps , MgO-SnOs system 
e and wi { wis wis ; THs! THN 
2 mils 111 1s rs a a 7855 x. Mok Composition by Heat treat 
. O44 S13 S138 s nal 
night — 11 SDF BOS 14 itlo weight ment 
npera. » ” ss a 8352 SSS4 : Phases identified 
@ 9 emper 
platiy: { ; » 152 { 44 sin sis { MgO SnO MgO nO» rime) © ature 
) niu ) j ( NTF R720 
‘ a1 2 ) ‘ R77! STN4 
: thar 12 ~ x) sua 8455 hr ‘ 
_. 911 Is SY LL wn { 1 1. 70 48. 30 6 1, 550 Mg0+2Mg0-Sn0O; 
1¢ hot. 2 34. 86 65.14 19 1.550  2MgO-Sn0, 
22 as) a - 2 d464 4658 12 ! 21.11 78. 89 6 800 MgO-SnOo+trace SnOo4 
10-ir > mM a 244 1518 ) 2) 21 trace 2MgO-SnO, 
“ans af 1 222 222 te m2 4S 2! 1 l 21.11 7S. 89 is 1,000 2MgO-Sn0Oo+Sn0; 
ans ¢ { » pat 3s O606 nO 4 | , 91.1! 78. 80 1 1. 550 2Mg0-Sn0o+Sn0 
red h 1 24 24 - Od m) / 9 11.80 RN. 20 18 1, 550 2M¢g0-Sn0o+Sn0 
vere a2 2 2 21 24 
rectioy i 214 «4 s ' We W2t " Eact id been previously calcined for 4 hours at 1,100° C rhe 
7 10n ¢ 32 NY naheid . Ue ‘ — . I iched in air from the temperature indicated 
of th 212 - ~ | ft — 
2 : . . . . e. CaQ-SnO, 
| 9 2 ( 1) { ves . . ah 
ve he 4 s x 1705 09 Pwo compounds were noted in this system. They 
) } 4 “ 2146 2 ] { m " " . ~ a 
iced in ( - + 2 239 oma | (te are CaO-SnQ,, which has an orthorhombic perovskite 
e tem. 2 zi) 2 structure, and 2CaQO-SnQ,.. These results agree with 
ti was | ii2 the findings of Tanaka !15]. An indexed powder 
meter. ( - 3 > 0 on pattern for the compound CaO-SnQ, is given)in 
¥ of : one on table 3. The parameters of CaO-SnQ, are: 
Lwin-] ; 
O-50T | + , am y2 basic pseudocell=5.518 A, 
ce an 192 192 7 — ° h~ 2xhbasiec pseudocell 7.884 A. 
49 i { ” sj2 SU { C= y2 basic pseudocell 5.664 A, 
2 421s . 
meas- ( i 124 12s4 > ‘ "4 : 
- TABLE 3 X-ray diffraction pattern for the compound 
ercent se ws 1. 4542 42 i CaO-SnO- 
ince of 2 ’ 1. 480 {ASU { | 
4y fil) 1.4949 104 | 
»* same} 143 I l/d ! l/d l/d 
) ‘ - 1 h hkl ? . 
Values) - : oes rb cal ~ obs calc mais 
firing | AN s » Nb N24 2 
2 ‘ ip . rat ) wid 4 100 153 TAK 
S oF 7 . ! (st ONO) 7 044 7561 7562 6 
(y2 12 125 ( 44) 7829 7830 5 
. SS oie’ 2 129 128 1K 105 8125 8121 
: i M2 ’ AM) 131 | ‘ 
dies ee ve on ' 8343 8336 6 
say } mY 1 ‘ { 22 8352 7 
= ” 21 178 179 7 12 8774 R765 { 
| 22 189 189 Ss 244 SATS RATS 7 
2 16 | Ut 7 163 sY25 SU26 2] 
Ro] . — 209 209 { 
| 0] G065 GO60 i) 
2 22 222 2 142 W079 977 12 
MgO-CaO HYD : D5 6] 521 9168 9167 § 
? | 040 257 6 14 1.0248 1.0243 ; 
xist ry . ] 9 272 1.0206 1.02 
). TiO [his system has been shown to contain a simple . ; 13 7 wie sie ints 
‘Hl eutectic. with no compounds or solid solutions [13] 145 1.0701 1.069 { 
solid- ; 141/222 1 21 7 505 1.0752 1.0749 ) 
01 27 27 ) 124 1.0894 1. 0887 { 
| d. MgO-SnO : 78 7s 7 181 004 083 
Only a brief study of this svstem was made, In ap 1.1553 1.1553 8 
. < . | a , »} U1 ] 16) Js) 1.1612 1. 1610 q 
order to verify previously published data [14] 150 158 2 52 1. 1666 1.1661 s 
I ah : : . K a9 a9 7 182 7 72 ; 
syste The MgO-SnO compositions studied are listed in “ - — » ose - ao 5 
TI table Zz together with the results obtained. X-ray 4M " 2 f sl : 
n in ; il : 155 1.2159 1.2143 
1& and petrographic examination of these fired speci- 024 563 ( 444 «1. 2825s RIT 
pr pa) mens indicated the existence of two binary com- +. a ~ . — fee 
S$ col) pounds. They are 2MgO-SnO., which is thermally M4 is 45 «1.3325 1.3323 
" ) a - o \ . 1 u) uo } 
he {0 stable at temperatures as high as 1,550° C, and 143 «1.3436 | 1.3430 
rgeste) MgO-SnO ~ which decomposes Into 2MeO-SnO, and + $41 641 11 165 1.3919 ; son { 
SnO. between SOO0° and 1,.000° C The compound 1] 643 643 16 561 1.4325 1.4315 8 
: 102 ht 650 f 1¢ 1. 4339 
2MgO-SnQ,. has a cubic spinel-type structure with 294 6OF 694 ‘ 
a “45 P ‘ . r rpafracrti , ‘ 24 1.5119 1.5110 
8.645 A and with an index of refraction equal to - ™ ; > | cael fie 
approximately 1.82 | hese results are in agreement 
| with the work of Tanaka | +], but are somew hat at RI the intensity of diffraction peaks relative to the strongest peak 
2 151 





The structure of the 2:1 compound has not been PABLE 5 Results of X-ray examination of specimens in he It: 


determined. Its X-ray diffraction pattern is listed CaO-SnO2z system little 
in table 4 with 
The compositions studied in the CaO-SnQ, system ete | es) the ¢ 
and the results obtained are given in table 5 | ‘ lentified inde 
CaO SnO: CaO SnO. | 1 ren ) small 


perature Thes 


ABLE 4 X-ray diffraction pattern of the compour 
2CaO-SnO ' ; repo! 
{ 8D 1). 18 s 1K Cad CaO-Sn0 
2 ts ; 1. St Hi ‘L. ( ) nA | OSno> ; 
12 CaO-Sn0O 
I I ! I yur CaO0-Sn0 
24.12 28S l ‘ CaO0-Sn0 
9 ; 4.3 iy CaQO-sn0 sno 
4 m) ‘ , s 4 s 14 rl ( OsSn0 Sno 
~ i 8 Is SA IS r 
24 in ay o ~ 
, s. at . “$e S | ple 1 been pre isly calcined for 4 hours at 1,200° ¢ " 
2&7 2 72 : 28 ss f. SnO.-TiO 
5} | 2 l re #2. 41 Q vay . ~ 
365, 20 24 3.19 ‘ his system was found to consist, at 1,550° ( of 
4 9 42 ; is ~ ( . . rar 
3% { a continuous solid-solution series These solid sol 
: = 2 . “ ; tions may be effectively stabilized by quenching 
2 8s 21 rT v5. ail Slow cooling, however, results in an unmixino 
} ; 1. { nw OF My M ad 
44 ‘ 17. 92 reaction in the compositions ih the central portion of 
iS. 34 << aie the svstem The results of the tests ure Yiven yy . 
19. 09 Ls 04 1S table 6. These results are in general agreement wit! 
10, 3 s4 ? ( ~ v0 " . 
10 54 “4 a those ol Schusterius 1] 
102 ti s lat LE 6 \ ay data to he Sn) riod 
a4 ‘ { 
{ 
} 1s } 
S ~- 1 i 
| 14 U ‘ } } } 
{ { x ‘ : . 
2A. 65 B54 3.2. Ternary Systems 
; 2 a. MgO-CaO-TiO 
‘ , A total of 42 compositions were prepared in this 
‘ system for studies of phase relations and of dielectri 
- 24 12 0 ; ‘ properties Of these. IS selected sample s were used 
i U5, St S in the determination of the compatability relations 
‘ 9 j SUT 4 These samples were subjes ted Lo suitable heat treal- 
+ + 8 ment and subsequently analyzed by X-ray or petro- 
7 a : 2 907 graph methods The results of these tests are 
eiven in table 7, and the composition triangles are 
to os ; Ss nee shown in figure | Of the various possible binary 
M474 3 ‘ > _ joins in the ternary system, the followine exist in l 
BB 24 63. 5% . ’ the subsolidus diagram MgO 


MT.-CT, MT-CT, M.T-CT, MeO-CT, and Fieus 
\icO-C.T 
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U8 in th It should be noted that the results (table 8) indicate 
little or no solid-solution formation in this system, 
with the probable exception of the areas adjacent to 
the compound C;T,. This compound was found to 
mi ndergo marked changes in structure with only very 
}small quantities of impurities entering its lattice. 
These changes are discussed in a later portion of this 


report. 
TABLI 7 Res ilis of ¢ ay and pet ogra phru study ol selected 
; omposiions in the system MeO0-CaO-TiO. 
oO 
H 
F t | 
i Pp fied 
Wee f 
I ( 
‘ { ; \I C'l MT.+CT 
( or 4-f ‘ lL 
~~ ( 0 MIT+C1 
i solu " { 1) 
Mne in I) 
MIXine ‘ Ml ( M.oT+C1 
5 ( By 
Lion of : ae oaht a McO+CT 
ven nv PS 9 ()-¢ Ve0O+Cy] 
4 1) 
It With -. 18 6M CsT s+ CaO 
] ( 0) NI ( rio 
I IT 1 MT+C1 
\ \1 or ; NI MI. by 
(>-NI ( 74 ViceO MoT+C7 
Vicd-( ( 4 MgeO+¢ +C,T] 
Tord). ()-¢ { \le@® ( () ( ] 
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2 ! ] verlap 
f ( e re ere! 
: ind ¢ I 
n this 
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used 
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petro- 
Ss are 
S are 
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ist mn \ 
Cad 
I R} ( r ) nsinthes MeQ0-CaO0-TiO 
CT, 
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b. MgO-CaO-SnO, 


Sixteen compositions in this system have been pre- 
pared for study of solid-state reaction and dielectric 
properties. Nine of these compositions were selected 
for a preliminary study of compatibility relations in 
the system. The specimens were quenched from 
1,550° © and analyzed by X-ray methods. The 
results obtained are listed in table 8. Because the 
results indicated that there is little or no solid- 
solution development, and that there are no ternary 
compounds, these nine tests were sufficient to estab- 
lish the binary joins existing, which are: M,S-CS, 
MgO-CS, and MgO0-C,S. The arrangement of com- 
patibility triangles is shown in figure 2. 








TABLE 8, Results of X-ray diffraction studies of specimens in 
y at, J 8} 
the MgO-CaO-SnOs system 
Heat treatment § 
MA . pment id Phases identified 
ai alice _ lemper 
_ iture 
h ( 
2 NIos8-CS ; 1. 550 M.S+CS 
1:1 MeoO-Cs ; 1. 550 MeO0+Cs 
2:1 10 1, 550 Do 
2:2 MgO-C.s ; 1, 550 Mg0+C,8 
1:2 \IoS-CS-Sné 1, 550 MoS+CS+Sn0 
} cle 1. 550 Do 
2 \lgO-Mos-CS $ l ) Me0+M.8+CS8., 
2 VMgO-C.8-Cs 1, 550 Mg0+C.8+CS8 
2:4 VicO-Ca0-C.S 1. 550 Mve0+Ca0+C,)S 
' 
» Ea 1} usly calcined for 4 hours at 1,100° C Each 
cu ju ! r from the temperature indicated 
Sn0, 
M c 
roe 
name q Cad 
| IG RI 2 ( ompatib ly relat ons in the system 
MgO0-CaO-SnOQy. 
1 rn MN PoOsitior re indicated by numbers and placed graphically according 
mole rat The compound MgO-SnO> is not indicated as it decomposes 
veen SOt 1 1,000° C, and the specimens studied here were all heated to 
ay? ¢ 








c. MgO-SnO,-TiO 


Twenty compositions in the ternary field were 
given suitable heat treatment and, after cooling or 
quenching, were analyzed by X-ray and petrographic 
methods. From the results of these tests, which are 
listed in table 9, the arrangement of composition 
triangles was determined. An estimate of the solid- 
solution areas in the system was also obtained from 
these results 


Lies ih 


TABLE 9 Results of X-ray diffraction study of spe 
the MeO-SnQc-TiQs system 


He 
Mole rat Binary joi 
Vics: ternar fix 
} if 
MT)-SnO 0 M 
} ao ) 
MTo-M.S1 Equ 
. I Ms | Vos 
‘ , I \ 
I Mos | 
, LT-MDS 
let 
} \I.8-M I ~ 
VIS T-Sn0 
{ NI snd ‘) ‘) 
NUT \I'T-MIOS 
Nl MILs 1 0 
1.8-M 
6 uf \IT-M 
ae | \I 
NigO-M .S-M ) 
Fa | ( 
I} ‘ 4 


The compatibility relations and the 
the compositions studied are shown in figure 3 
The estimated solid-solution limits are indicated in 
figure 4. Extensive solid-solution development Is 
noted throughout the system. However, the solid- 
solution areas and limits shown are not 
located with il high degree of accuracy In 
tion, it Is highly probable that the limits 
change with differing heat treatments 

There is indicated a ternary compound having the 
probable formula 2MgO-SnO.,-TiO. or M.ST This 
compound is of the ilmenite type, is isostructural 
with the compound MgO-7Ti0,, and forms a continuous 
series of solid solutions with it The facet that al! 
compositions on the MT-M.ST join consist of a 
single phase and show a regular variation in lattice 
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would 
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(% mpatiyb fh ela 
VMigQ-Sn0.-TiO 


, 
FiGuRt » ons n he 


parameters and indices of refraction makes it quit 
difficult: to establish unambiguously the formula of 
the ternary compound. The lattice parameters of 
the ternary composition MIST are a 5.533 A 
a=55.6 An indexed powder pattern for this 
composition Is included as table 10 The optical 
properties of this composition are: uniaxial negative 
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Sn0, 
CaO Sn 
C,S cs % 
FIGURI } Estimated solid-solution areas n the system : G 
MgO0-Sn0.-TiOs. FIGURE 6 Estimated solid-solution areas in the system 
CaO-Sn0O,-TiOns. 
p i ed is between 1,300° and 1,550° ¢ . . 
he temperature range involved is between 1,300° and 1,550° C 
TABLE 11. Results of X-ray study of selected compositions in 
the system CaQO-SnQ,.-TiOs 
LE quit 
lula 
ol Heat treatment® 
Lers ol . . 
nes Mole ratio Binary join or . Phases identified 
od A C:s:T ternary field rime | ‘Temper- (ss=solid solution 
r this , ature 
pptical 
roti hr ( 
zalive 3:1:3 CT-SnO 2.5 1, 550 CT ss+Sn0O, ss 
scuss lo 3 1, 550 Do 
1:3:1 do 2.5 1, 550 Do 
1:9:1 do 3 1, 550 Do 
g:1:2 CT-CS 3 1,550 | (CT-CS8) ss 
3:9:] do 3 1, 550 Do 
$:1:2 C3;T2-CS 3 1, 550 CS ss+small amount 
C3T2 ss. 
6:3:2 do ; 1, 550 CS ss+trace C3T» ss 
6:2 do 3 1, 550 CS ss 
R:1:4 C,T.C.8 3 1, 550 C;T: ss 
R 7:2:2 do ; 1, 550 Do. 
19:8:2 do ; 1,550 | C3T2ss+C.S 
SnO, 1:1:4 CT-TiO,g-SnO0;, 16 1,315 CT ss+(TiO:s-Sn0;2 
1:3:9 do 3 1, 400 Do 
§:2:2 CT-CS8-SnO 3 1, 550 (CT-CS) ss+SnO:ss 
FIGURI 5 Compatih li, relations in the system 4:4:1 do 3 1, 550 Do 
x CaO-SnQ,-TiO 7:2:4 C,T,CT-CS 3 1, 550 C;T2ss+(CT-CS) ss, 
mnositior re indicated by numbers and placed graphically according $:1:1 C;T2-CS-C.8 3 1, 550 CS ss+C28+CyToss. 
—% ‘ licated | 1 nd pl 1 gray illy a rding 2-4: ss 3 1" 550 CS ss+-C.8 
27:18:2 do 3 1, 550 Do 
$:1:1 C.T-C.8-CaO 3 1, 550 Ca0+C8+Cy;T> ss 
d. CaO-SnO,-TiO 18 -1-19 ds 3 1.550 | Ca0+C3T2 ss 
‘ 
I IS Svs " 22 SseTCE ? Thar oO SItlo s 
! thi Sh tem, = ‘ l cl d tern ry un mpe¢ s1u0n * Each sample had been previously calcined for 4 hours at 1,000 to 1,100° C. 
were examined by X-ray met hods afte having been Each specimen was quenched from the temperature indicated 
quenched from a temperature of 1,300° to 1,550° C 
Figure 5, showing the compatibility relations, was 
constructed from data in table 11. The binary 3.3. The System MgO-CaO-SnO.-TiO, 
joins are CT-SnO,, CT-CS, C,T.-CS, and C;T,-C:S. _ 
Solid solutions were noted in all parts of the system. In addition to the 19 binary joins established in 
k The estimated limits of the solid-solution areas are | the four subsidiary ternary systems, there are 13 
shown in figure 6 possible binary joins across the interior of the 


In this case, as in that of the MgO-SnO,-TiO, | quaternary tetrahedron. Investigation of 10 selected 
system, it is considered that the solid-solution limits | quaternary compositions (with the preliminary as- 
are only approximate and that they would shift with | sumption that there are no quaternary compounds 
heat treatments other than those used in this study. | present) indicated that only 2 of these binary joins 
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a “a Csi ' 
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Mos ~ al 2 
/ ¥ al A 
/ AeA . 
/ P 2 } 
/ ae M,S l 
/ = ! 
| {A 2 
uego Me == —— ‘ 
Fiat R} ri Com pat hil fi relations 
MeQ0-CaO-Sn0.-TiO 
No attempt has been made to indicate the exten 
that occurs in this systen 
are valid They are the M.S-CT and M,ST-CT 
joins. The quaternary system could then be divided 3 
into 12 subsystems or tetrahedra. In order to verify . 
the initial assumption as to the lack of quaternary Figure 8. An “expanded” version of figure ‘ 
PaABLE 12 Results of X-ray diffraction studies of specimens in 
the MgO CaO-SnO, TiO systen NO edamame Meo onan in 
Binar . Heat treatment l \IT.-CT-TiO.-SnO 
Mole ratio . wragget | » a te | ‘ lentified 2 \IT2M.ST-CT-SnO } 
2Cc2:7 ren tior ; MT2-MT-M2ST-C'I 
_ aie { MT-M2S8-M28T-C1 
-_ MT-M2T-M28-C1 | 
; ‘ M»S-M.ST-CT-SnO 2 
, 7 MgO-M.2T-M28-C' 2 
2:11 M28-C1 ; 1, 55 M28 ss+C X MIos-CT-CS-Sn0O ' 
2 2 MEOST-CT ’ 4 VST ( It Mg0-CS-CT-Cy1 
\NigO-C.S-C S-¢ | 
$:4:3:1 MecO-C T-CS ‘ ] A) \VWeo+(CT-Cs ~~ 
2:4:4 \IoS-CT-CS ’ 1 550 MoS ss+(CT-CS . Mg0-Ca0-C28-C3T 
2:2:2:1 do D 
b:1:2 M.S-MT-C1 1.400 MS ss+M CT f 
2 2 VIo8-CT-Sn0O ; 1. 450 \L.s -¢ Sn0O 
9:1 . _e D compounds, at least one composition in the interior] 
I6:1:2.. MgO-Caod-¢ Cyl , of each of the subtetrahedra was studied. In each | j 
O:is2 i s ; l 4 s+Cat) \ ‘) “7 ; 4.9 
Cy case the expected phases were identified, and no ~ 
1:2:4 MoS-MoT-MT-C1 1,400 | CyTess+Cad aa 
4-4 7 , “un 1) indication of the presence ol any quaternary com- 2 
O° 3:6 +e * L ; 1, 50) ped +% S ss+MgO pound was obtained. Solid-solution development 
l y { s | ; 4) ToS CT 4 . I 
Ct MgO was observed in all of the quaternary compositions. — ‘ 
Mc0-C8-.CT-C1 : vee | Qn The results of the tests on quaternary samples ar 
+MeO or} " ‘ , ») 7 » ors re , re siti , 
2:2 MgO-M.8-CS-C' ’ 1550 MgO+M;S+(C1 given in table 12. The arrangement of composition , 
Cs tetrahedra is illustrated in figures 7 and 8, in whiel 
M.S-M:T-M rr S-My WW 
it - wr! ali no attempt has been made to indicate solid solutions 
M2S-M:ST-M1 ; 1 M.S MoST-M1 3 
Cl CI r 
(:1:3:2... M2S-M:ST-CT- 3 1,450 MaS ss+MST+C1 4. Results of Dielectric Testing 
\IS-CS-CT-Sn0O ‘ VIS S c r-cs oe 
aie sstSn0s. 4.1. The System MgO-CaO.TiO., <1 
snO CT+Sn0 , : “,: ~ 
, » .‘aialialiale 1, 40 M:ST-M1I The circles in figure 1 represent compositions 
\1 Soy » . ° ° 
1 MT;-CT-TiO 130 MT24+CT+TiO which were formed into appropriate specimens and 
ss roe tested for their dielectric properties. The results o! 2:2 
these tests are listed in tables 13, 14, and 15. The 
ul een pre ul y ecaleined for ou t LL t ] “ ( . . ) 
juenched from the temperature indicat maturing temperatures were found to be high . 
| 
Si 
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TABLE 13. Results of dielectric le sling 





dielee vo ‘ 4 vA % ) 1? fae 
Heat treatment « Dic lectric constant, K, Reciprocal, ), of power factor 


at 25° C and at 25° C and 
Shrink bsx . 
Mole rat Binary join, ternary field. oy quaternary volume — ——— ~| 
Dime oe W) ke I Me | 20 Me KO ke 1 Me 20 Me 
M:C:1 rhe system Mz0-Ca0-Tio 
hr ( C < 
$:] MT-CJ l 1, 500 14 0.00 35.1 35.1 35.0 1, 100 3, 000 3, 000 
2:1 (lo l 1, 500 11.4 13 54.1 54.1 4.1 900 9, 000 1, 400 
! a l 1, 500 14.0 06 78. € 78.5 78.1 10, 000 10, 000 700 
9 de 2 1. 500 12.6 06 110 100 108 3, 000 9. 000 6. 000 
56 do | 1, 500 16. 6 02 144 143 145 10, 000 10, 000 3, 000 
8°1:20 M.T-C | 1, 550 14.3 02 18.0 17.8 17.3 4, 000 2, 000 8, 000 
6:1 do 2 1, 550 16.0 Ol 31.6 31.6 31.6 10, 000 10, 000 2, 000 
l do l 1, 540 13.8 19 38.0 38.0 37.6 1,100 6, 000 1, 300 
9:1 d 1 1 550 11.8 00 60.6 60.6 60.6 10, 000 10, 000 2, 000 
9:9 de l 1, 550 12.7 OS 92.9 92.7 92.7 9, 000 7, 000 700 
9:4 cle ! 1, 550 16.0 00 122 121 122 4,000 10, 000 7, 000 
2:7:8 de l 1, 550 17.9 17 135 135 135 6, 000 9, 000 10, 000 
MgO-C l 1, 725 15.1 13 23. ¢ 23. 6 23.6 3, 000 10, 000 5, 000 
$:1 cle l 1, 725 14.7 0 43 43 43 3, 000 10, 000 1, 500 
2:1 do ] 1, 725 15.4 07 73 73 73 2, 500 6, 000 900 
iT ] 1, 500 13.5 00 69 69 69 3, 000 4, 000 510 
i ] 1, 725 14.0 4 Ws Ys YS 4,000 7, 000 600 
; de ] +0) 14.0 00 119 118 118 4,000 8, 000 3, 000 
ck l 1. 500 12.2 10 106 106 106 1,000 5, 000 1, 000 
; le l 1, 500 13.2 Oo 109 109 109 1, 000 4, 000 2, 000 
2:2 ! l 1,72 14.7 12 128 126 7,000 
; ! l 0) 14.4 02 153 153 152 2, 400 3, 600 5, 000 
ck l 1, 500 13.4 00 129 129 129 1, 000 5, 000 1, 000 
‘ Me0-C.1 1, 62 15.8 10 15.2 16.9 17.2 400 3, 800 2, 600 
9 | 62 15.8 ( 10.5 39.4 900 1, 700 1, 000 
9 ? i 650 16.0 ” 42.8 42.8 41.6 1, 300 1, 300 1, 800 
9 1¢ 1. 650 15.6 29 417.0 47.2 45.9 1, 100 2, 100 1, 700 
MT.-C ] 1, 350 16.0 ( 67 66 66 800 1, 200 2, 000 
i ] 1 350 17.3 20 G4 92 90 414 126 440 
de ! 1350 7.3 01 109 106 105 SO 230 1, 500 
\IT-M.' 9 TH 12.9 Is 14 43 43 1, 300 10, 000 2, 400 
‘ { cle 2 1, 500 12.3 iW) $7 37 37 10, 000 1, 000 2, 000 
M:T-M ( l 1, 40 10.2 10 24 24 24 4,000 10, 000 2, 700 
$:1:2 i ! 1, 550 12.4 10 41 40) 10 1, 500 10, 000 2, 600 
9 | 2 1, 550 11.9 09 52 52 51 10, 000 10, 000 2, 100 
9 i ] 7D 12.0 13 77 77 76 6, 000 10, 000 700 
9-3 MgO-C,.T.~« 1, 625 20.0 06 2 28 ss 300 1, 600 1, 400 
$:] i 1, 650 °1.0 " $( 29 27 600 2, 000 1, 900 
[:C:s rhe syst n MgO-Ca0-Sno 
2 \l Cs l 1, 550 18.0 0.1 11.0 10.8 10.7 1,100 770 410 
) ’ - i 1 } “A 19 a 14.1 14.0 14.0 190 670 620 
j VicO-Cs l ] 70) 19 ol 14.0 14.0 14.0 4, 000 10, OO 2, 000 
l J l l ‘) 21.0 03 13.2 13.2 13.2 2, 000 10, 000 2, 000 
erior | te l 1, 550 21.0 02 14.3 14.3 14.3 3, 000 10, 000 1, 000 
; 2:9 1 0 29 9 02 14.4 14.4 14.4 3, 000 10, 000 4, 000 
eae 
| no ? 4:2 VicOuwC 8 ] ] 0 2.1 (n 11.2 11.0 11.0 300 230 360 
. 2:9 ! l l ( 19. { 1] 10.6 10.6 10.6 500 S50 600 
com- 1:2:] 7 l ] ‘0 2] oo 13.4 13.4 13.4 200 700 760 
nent 
ions S he te CaQO-SnO rio 
are 
° CT-Sn0 1 1 500 16.8 0.01 106 106 106 600 2, 000 1, 500 
tion 2.) i 1, 550 19.7 12 39 39 3S 30 170 230 
hie! 1 l l 0 18.0 lt 27 2 40 30 
ons. * 7, CT-Ca ! oO 17.9 00 R4 84 4 2. 800 5, 000 800 
2 | j ] ] ‘ 17.8 hi 62 61 61 S50 5, 000 2, 100 
9 1 ] ‘) 16.8 02 38 3S 37 2, 000 4, 000 2, 000 
j l 1, 500 9.9 M 24 24 24 1, 500 2, 000 2, 000 
2 C;T,Cs w 21.0 12 45.2 14.9 210 170 
9 l 0 29 02 37.8 37.6 37.4 290 600 $80) 
16:2 l 500 21.5 OS 30. ¢ 30.6 30. 6 7, 000 10, 000 760 
1-4 ( | . ] ] e1) 21.7 ao 42 42 90 100 
<:2 l .) 23.7 OS $5 34 35 5A 70 170 
. a ; , 9 29 g 02 18 18 18 70 230 160 
Ns 
nd ) CT-Sno ( 130 15.0 02 76 76 76 200 1, 300 680 
ee j 1. 500 16.8 09 lil 110 110 2, 000 3, 000 2. 200 
ol 9 1 Ow 15.0 00 &2 SI 81 1, 700 2, 300 2, 400 
he 9 CT-C&S.sn0 1. 500 17.0 16 62 Af) 9 100 1, 500 1, 600 
rh 2:9 | 1 AN 16 04 67 67 67 1, 000 2, 000 440) 
7:18 CsTo-CS-C os l 1, 550 23. 1 00 17 17.3 17.3 150 320 340 
1 l 1, 550 3 00 23. 7 23. 5 23. 5 220 470 400 
| 
See es atend of 
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M:C:8 
R:2:4:1 M.S-C'T 
Scasece 1 
2 1:1 lo 
2 1:2 M.8ST-C'l 
1:3:1:2 MeO-CT-CS 
$:4:3:1 
2 1:1 I 
2:2:2 M.8-CT-Cs 
tc] 2 M.S-MT-CT 
1:2:3 M T-M)S-M.ST-C1 
33:3 M T-M.2T-M.s8-C1T 
1:1:2 VMgO-M.T-M.S-CT 
$:3:2:2 MgO-M).8-C8-C 
! l Mg0-C8-CT-Cy1 
1:6:2:2 MeO0-C.8-C8-Cy1 
1:6:1:2 Vice0-Ca0-C.8-C oT 
1:4:4 do 
Each specimen had beet ale é 
4 commercial grade of CaO.- Tit 
Per lase of O6-percent pur tv wa 


Was Used 


used 


n th t 


pecimer 


PABLI 


One percent of FeyOs; was added to the 

Mole ! Binar ternary nerd 
; . juaterna olume 

M:C 

9:1:10 MT-C'l 

$:1:3 do 

2:1:3 lo 

tate do 

38:15:20 M,T-C'T 

6:1:4 do 

2:1:2 lo 

2:42:90 10 

2:7:8 do 

t:1:1 MeO-C'] 

2:1:1 lo 

2:1:1 do 

}:t:1 do 

2:3:3 lo 

b:3:2 do 

1:3:3 ce 

18:3:2 VigeO-C 

2-3:9 do 

1:3:9 ) 


see 


M,.T-Mg0-( 
VMgO-C,T,-( 
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raBLE 14 Variation of dielectric constant with temperature Continues 


Value of K at 1 Me and A verage 
tempera- 
ture co- 


Mole rat Binary som . xl deg efficient 
! quate irs tu - 
MI , oC) OC 95° © 49° ¢ “°C 100° 4 95°C | 150°C | 175°C | 200°C | 225° ¢ 59°C | Of K over 
range in- 
dicated 
Ww-c:s Lhe ystem MgO-CaQO-snO 
TT 
wy 9:6:7 MI2s-Cs 13.7 4 13.4 14.0 14.1 14.1 14.1 14.1 14.1 14.1 14.1 14.2 +120 
On +] Wg0-CS 13.9 14.0 14.0 14.0 14.2 14.3 14.3 14.3 14.4 14.4 14.5 14.5 +140 
ann 9-1:1 lc 13.2 13.2 13.3 13.3 13.3 13.3 13.3 13.4 13.4 13.5 13.5 13.6 +100 
anny i 14.2 14.3 14.3 14.4 14.4 14.5 14.5 14. 5 14.6 14.6 14.7 14.7 +120 
ny | 14.2 14.3 14.3 14.4 14.4 14.4 14.4 14.5 14.5 14.5 14.6 14.7 +120 
om 9-9 14.3 14.3 14.3 14.4 14.4 14.4 14.4 14.5 14.5 14.6 14.7 14.7 +90 
ane 4:2 VMgO-C.2s 10.9 11.0 11.0 11.2 11.2 11.3 11.4 11.4 11.4 11.5 11.5 11.6 +210 
“iu 2:2 v4 10 10 10. 10.6 10.6 10.6 10.6 10.7 10.7 10.7 10.8 +200 
OO 2 13.3 13.4 13.4 13.5 13. 5 13. ¢ 13. 6 13.7 13.8 14.0 14.2 14.4 + 260 
aM 
tun 
” ccs Che system CaO-SnO,2-TiO 
nay CT-snO su i7.8 37. 1 iw. 0 $ ; 45.2 44.5 44 $4.0 43.58 $3.6 33.4 5A) 
4 y ! 24 4 ~ ? = 1 
ong CT-CS | st x4 SI } 77 7 74 72 71 70 69 920 
"7 9 ) HOS | 7.¢ 6.3 ; 4.4 53.4 52. 4 51.9 51.4 7TH) 
Peas 9 lo 7.8 37.3 +h. 8 tH. 3 35.4 35.5 $5.3 $4.9 34.7 34.4 420) 
4:1 10 24.6 24.4 24.35 24.2 24. 1 24.0 24.0 23. 9 23.49 23.5 23.8 23.5 110 
+ $:1:2 C,TCs 16.1 15.3 4.9 4.4 44.2 44.1 413.8 43.7 413.6 (* 250 
3°34 6:3:2 lo ss. 6 37.9 $7.6 37.1 45.0 $6. 7 36. 5 36. 5 36.4 36.4 (* 240 
ty S14 C3T2-C2s 42.2 41.8 41.7 41.5 41.4 41.4 11.3 41.3 (* 110 
al 7:2:2 i 5.0 4.9 4.9 
7 8:2 10 17.6 17.7 17.7 17.8 17.9 18. 1 18.3 ’ +220 
) CT-SnO.-Tio 4 7s ro { 72 71 6Y OS 67 65 4 (4 900 
92:3 io x12 TR. 76. 5 74.3 72.7 71.2 69.3 6.0 66. 7 65. 2 970 
2 ‘ 10 10 107 103 ua 5 97.1 04.7 92.0 40.0 RS. 4 86. 0 1, O80 
9:2 ( Cs-Sn0O 7 OS 67.0 ( 1 63. ¢ 62.5 61.4 0.3 49.3 58.5 57.8 57.2 740 
2 lo 6.0 10 2 0 0 14 1s 47 17.0 46,5 16.0 16.6 (4 670 
97: 18:2 C,.To-CS-Co28 17.2 17.3 7.3 17.4 7.4 17.6 17.7 17.8 18.0 18.1 18.4 18. 6 +200) 
23.8 23. ¢ 23 23 23 23.4 3. ¢ 3. 7 23.8 23.9 24.1 24.5 
rag MC :s:1 Che svstem MgO-CaQ-snO rio 
pera 
icien N:1:4 M.s-C'l 15.0 14.8 14.7 14.¢ 14 14.4 14.4 14.3 14.3 14.3 14.3 14.2 180 
K ove 6:1:2:1 1 Is. 0) 17 17.4 17.3 17.1 16.9 16.8 16.8 16.7 16. 6 16.5 16.5 200 
2:1:1:1 do $2.0) $0.4 24.6 24. 1 28.4 27.9 27.5 27.0 26. 6 26.3 26.0 25.8 710 
wt 2:2:1:2 10 50 5f 53 52 A) 19 48 47 46 $5 44 43 1, 050 
2:5:1 ! 116 106 102 Qy O68 03 oO xS a4 3 82 | 1, 190 
2:9:1:9 do 13 124 11s 113 110 106 103 101 Ys 96 O4 92 1, 260 
2 2 M.ST-C' $5.0 33. 2 $2.6 $2. 1 31.5 30.9 30.4 30.0 29.7 29.4 29.1 29.0 625 
2:2: 1:3 1 2 5s th 4 53 52 51 ) 19 1s 1s 47 925 
ni? ¢ 2:9:1 ) lo 124 114 109 10F 102 49 O68 “4 Q2 90 &S &7 1, 210 
130 ay. VigO-CT-Cs st) 75 73 71 69 6S iH 65 4 63 2 61 BYvO 
a 2:2 l j $5.3 $4.2 $3.7 33.6 32. 8 $2.4 32. 1 31.7 31.5 31.2 31.1 30.9 445 
SOO 3:4:3:1 lo 22. 5 22. 2 22. 1 22. 0 21.8 21.8 21.7 21.6 21.6 21.5 21.5 21.4 200 
1 ORO ‘ 2 4:1 lo 22.6 22. 4 22. 3 22. 2 22. 2 22. 1 22. 0 21.9 21.9 21.9 21.8 21.8 110 
2:2:2 M,.s-CT-Cs 0.1 x. | 27. ¢ 27.2 2.5 20.4 26.1 25.8 25. 6 25. 4 25.3 24.9 SOO 
+ ‘Jsi) 
1x1) af VMIoS-MT-Cl 20.0 27.9 27.4 20.4 26. 5 2h. 2 25. 9 25. 6 25.4 25. 2 24.9 24.8 620 
1. 100 5:1:2:3 MT-M2S-M.8T-Cl 24.6 24.2 23.9 23.6 23.4 23.2 23. 1 22.9 22.8 22.7 22.6 22.5 310 
1, 300 1:1 MT-MoT-M28-C 1 25. 2 4.3 23.4 3. t 3.3 23.1 22.9 22. 6 22.5 22.3 22.2 22.0 450) 
1, 3A 1:2 MeO-M)S-M2T-Cl 2K. ¢ 27.4 27.1 2t MH. 2 25.9 25. ¢ 25.4 25. 2 25.0 24.9 24.7 HOO 
$:3:2:2 MgO-M.s-Cs-Cl 45 42 41 on 34 $8 $8 37 37 36 36 35 830 
A) 
1. On a: 1:3 Mz0-Cs8-CT-¢ I 17.4 1. 3 15.8 5.4 15.1 14.5 . 370 
1.000 1:6:2:2 VWgcO-C.8-Cs-Cyl $5.1 4. 5 34. 2 $3.4 33.7 $3.5 33.4 $3.3 33.3 33. 2 33. 2 33.3 180 
1 000 1:6:1:2 VigcO-Cad0-C 25-( | is 7 17.9 37.3 1.8 46. 5 36. 2 46.0 45.8 35.7 35.6 35.5 (a 340 
1m) 15:4:4 lo v0.4 1.1 40.0 20.4 20.8 20.8 20.7 20.4 29.3 28 U 28.4 28.3 240 
140) 
in ” 
At and above the temperature ind ited, the specimer behaved as 1 semiconductor 
A comm ercial grade of CaO- TiO: wa used in the preparation of the specimen 
One percent ol FeoO, was added to the specimen 
ir” 
4 
134 
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TABLE 15 Variation of (J value u th te m perature 60 
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constant of Speci~mens tlong the M,.T-( = join 


especially along the MgO-CT join, when high-purity 
batch materials were used. Three specimens on the 
\Mg0-CT join were prepared with a commercial- 
grade perovskite, replacing the high-purity com- 
Their maturing temperature 


ponents usually used. 
by this change in 


was lowered more than 200° C 
components 

The dielectric properties of the 
binary joins were found to undergo a regular change 
with variations in the proportions of the end mem- 
This change is illustrated in figure 9 for the 
dielectric constant, which varied from about 15 to 
about. 165, depending on the compositions. The use 
components caused a slight 
decrease in these values, together with the lowered 
maturing temperatures. The Q-values were good in 
all parts of the system, being, with a few exceptions, 
between 500 and 10,000 

Along the MT-CT, M.T-CT, and MgO-CT joins, 
the temperature coefficient of dielectric constant 
CK) varied in a regular fashion as the composi- 
tion Was changed along the join (see fig. 9, in which 
this behavior is illustrated). It was found to be 
strongly negative near the CT end of the joins, and 
to approach zero or positive values as the percentage 
of CT in the specimen approached Zero. 

For specimens along the MgO-C;T, join, the TCK 
values were irregular, showing shallow minima, and 


specimens on 


of commercial-grade 


the values were numerically small. 


4.2. The System MgO-CaO-SnO, 
The results of the dielectric tests on specimens 
14, and 15. 
Specimens of these compositions are characterized 
by low A-values, high (-values, and by a positive 
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Fiagure 10. Effect of temperature variations on the dielectric 


constant of specimens along the CT-CS join. 


temperature coefiicient of A throughout the system. 

Specimens along the MgO-CS join are noteworthy 
for the fact that they maintain a Q-value of several 
thousand, at temperatures as high as 250° C. 

In some cases | percent of Fe,O; was added as an 
aid in securing matured specimens. This additive 
was found to have the undesirable effect of lowering 
the (-value, particularly at the higher temperatures. 


4.3. The System CaO-SnO.-TiO, 


The dielectric properties of specimens from this 
system are given in tables 13, 14, and 15. Maturing 
temperatures varied from 1,400° to 1,550° C, 
depending on the composition. In a number of 
cases the use of a 1-percent addition of Fe,O, as a 
flux or mineralizer was required in order to obtain 
matured specimens. The same effect probably 
could have been achieved by using less pure com- 
ponents. 

Table 13 shows that the value of A’ changes 
regularly along the binary joins as the specimen 
composition changes from that of one end member 
to the other. The highest value of A noted was 
about 165 for the compound CaO-TiO,. The lowest 
values noted were 12 and 14 for the compounds 
C.S and CS, respectively. No regular variation was 
noted in the @-values. It may be observed, however, 
that these values were generally higher on joins 
having CT as an end member than they were on 
joins having C;T, asan end member. This difference 
was probably due to the presence of Fe,O; in the 
specimens on the latter joins. 

Data concerning the variation of A and Q with 
temperature are listed in tables 14 and 15. On the 
binary joins, there was a regular variation of the 
temperature coefficient of AK with composition. For 


example, see figure 10. A few specimens showed a 
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small negative 7CA, and two specimens had a 
positive value. It is thought that not much 
significance should be attached to the positive values 
and the smaller negative ones, as the specimens were 
semiconductors at the higher temperatures. This 
lower value may be caused by the Fe,Q; additive in 
these specimens. 


4.4. The System MgO-CaO-SnO.-TiO 


The dielectric properties of the specimens in the 
quaternary system are about as would be expected 
from a knowledge of the ternary subsystems and 
from the knowledge that there are no quaternary 
compounds formed. The solid-solution development 
seems to result in an averaging of the properties of 
the compounds existing in the system The results 
of the tests are listed in tables 13, 14, and 15 

The structure of the compound C,;T, 
very sensitive to small quantities of impurities. — It 
was observed that the introduction of small amounts 
of MgO and C,S into the C,;T, lattice caused very 
pronounced changes in the diffraction pattern of the 
material. The structural change seemed to be from 
a probable monoclinic symmetry to a very 
approach to a cubic-perovskite symmetry, without, 


too 


seems to be 


close 


however, appreciable changes in the dielectric 
properties of the material. 
5. Summary 
A study of solid-state reactions in the system 


MgO-CaO-SnO,-TiO, and its subsystems has been 
conducted The results have either substantiated 
or shown that there exist in the system eight binary 
compounds, one ternary compound, and no quater- 
nary compounds. Compatibility relations have been 
established for each of the four ternary subsystems 
and for the quaternary system. Extensive solid- 
solution formation was noted. 


Dielectric-test samples were prepared and tested 
in each system except the system MgO-SnO,-Tid 
from which matured specimens were not obtained 
Maturing temperatures were, in general, higher thay 
1,500° C. Values of the dielectric constant varied 


between 12 and 165, depending upon the COM position 7 


of the specimen. For most samples tested, the 
temperature coefficient of A was negative, although 
the system MgO-CaO-SnO, is characterized by posi- 
tive values. Values for ( of several thousand wer 
found for most of the specimens studied. A numbe; 
of test pieces maintained high @-values at tempera- 
tures as high as 250° C 
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tested al of F h of the National Bureau of Standard Vol. 54, No. 3, March 195: Research Paper 2577 
TiO, 
rhe Chromatographic Method for the Fractionation of Asphalt 


Varied 
OSItion | 


Into Distinctive Groups of Components 


l, tl 
» the 
hough Lawrence R. Kleinschmidt 
y Posl- 
| Were \ chromatographic method for the separation of asphalt into four distinet groups of 
umber components is described. The method utilizes fuller’s earth as the adsorbent, and n-pen- 
: tane, methylene chloride, and methyl ethyl ketone as selective solvents. The fractionation 
npera- ; . . a . 7 : 4 
of asphalts into components in this manner facilitates the study of the degradation of 
asphalts in service. Although the method, in general, is not limited by the size of the speci- 
men, it is particularly suited to samples of 3 to 6 grams, in which case it requires from 6 to 
& hours, depending upon the nature of the asphalt, for a complete fractionation. The time 
required to fractionate the n-pentane soluble components Is about 3 hours 
es. 1%, 1. Introduction 2. Procedure 
ner N : ; » » ° 
9 Asphalts, when exposed to various atmospheric A schematic diagram of the method of fractiona- 
nsel §. conditions or to accelerated durability tests, undergo | tion is given in figure 1. Specimens of asphalt for 
025 changes that have been determined mainly by physi- | fractionation (about 5 g) were prepared in the same 


eal methods. Studies of the chemical changes that | manner as those used for outdoor and accelerated 






































— occur in’ blown petroleum asphalts during the | durability tests, that is, by uniformly leveling the 
1946), | weathering process are greatly facilitated by the | asphalt on a 2%- by 6-in. aluminum panel, using the 
), and} separation of the asphalts into groups of similar | hydraulic-press method proposed by Greenfeld [9], 
1953) . components ee or by uniformly distributing hot asphalt around the 
195] Marcusson {1}! was one of the first investigators to | periphery of a 4-in. aluminum disk. The weight of 
4,193 separate asphalt into three groups of components. | the specimen was readily obtained by weighing the 

By his procedure, asphalt was digested with 88 panel or disk before and after applying the asphalt. 
Search B% naphtha. The insoluble portion was designated | The large ratio of surface to volume obtained with 
se, J, as “asphaltenes”, that adsorbed by certain clays | such specimens facilitated the digestion with n-pen- 

from the soluble portion as ‘‘asphaltic resins’, and | tane. 

the remainder as ‘total oily constituents’.  Strieter 
sates. 2} improved the method by substituting n-pentane 

for the SS° Bé naphtha, and effected a nearly com- neeer we © canuen 

plete recovery of all components by using ethyl 

ether as a desorbent for the asphaltic resins, Hubbard SOL VOLE SOLUBLE _| N-PENTANE 

and Stanfield [3] used anhydrous aluminum oxide SEPARATION BY eae 

»as the adsorbent for their asphaltic resins. O’Don- — ; 

- : ‘ . ELUTE THROUGH FULLER'S 

nell [4] used isopentane for the separation of the ASPHALTENES EARTH WITH N-PENTANE 

asphaltenes, and silica gel as the adsorbent for the ELUATE | 

asphaltic resins. Various other modifications of coal 

these methods are described by Abraham [5] Grant sae sta a 

and Hoiberg [6] and Traxler and Schwever \7] 

emploved solvents alone in their separations. Rostler a an 


METHYLENE CHLORIDE 


ELUATE | 


and Sternberg [S] used dry hy drogen chloride gas and 
varving strengths of sulfuric acid for a separation 
































of the n-pentane soluble portion of the asphalt. 
= ; DARK RESIDUE IN 
The conventional specimen of asphalt for both OILS COLUMN 
outdoor and accelerated durability tests is usually a 
2\- by 5'\-in. film of asphalt on a 2*;-by 6-in. alumi- eruyE tre, with 
, : : : . : METHYL ETHYL KETONE 
num panel. When such a film is prepared in a 
th ; yr : mame ELUATE | 
thickness of about 0.01 em (25 mils), approximately "= 
)g of asphalt is available for examination. The ASPHALTIC RESIOUE IN 
| primary purpose of this investigation was to develop RESING COLUMN 
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FIGURE 1 Schematic 
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diagram of method of fractionation. 








2.1. Separation of the n-Pentane Soluble and 
Insoluble Fractions 


Specimens prepared by either method described 
above were digested with n-pentane (40 ml for each 
gram of asphalt) until the undissolved asphalt could 
be removed readily from the aluminum base with a 
rubber policeman. The aluminum base was washed 
free from any adhering material with -pentane and 
removed from the beaker. The digestion with 
n-pentane was continued for 2 hr. The separation of 
the insoluble material was made by filtering the 
solution through a porcelain bitumen crucible with 
an asbestos mat. When the insoluble material was 
to be used for further study, the asbestos mat was 
topped with a tightly fitting filter-paper disk. It 
was found desirable to keep the insoluble matter 
covered with n-pentane throughout the filtration, 
using a rubber policeman to concentrate the insoluble 
portion, the bulk of which was readily transferred 
to the crucible with a spatula. This procedure was 
desirable the insoluble from some 
asphalts was quite gelatinous and ahdered tena- 
ciously the beaker. The n-pentane insoluble 
fraction was washed with #-pentane until the filtrate 
was practically colorless. It was air-dried until free 
from n-pentane, then heated for 30 min at 105° ¢ 
and This fraction of the asphalt Was 
designated as asphaltenes 


because portion 


W eighed 


2.2. Fractionation of the n-Pentane Soluble 
Components 


The amount of the n-pentane soluble portion oO} 
the asphalt was taken as the difference between the 
weight of the original specimen and that of the in- 
soluble asphaltenes. This n-pentane soluble portion 
was fractionated by eluting if through a chromato- 
graphic column containing fuller’s earth. Three 
Froups ol components were obtained irom this solu- 
tion by eluting successively with technical grades of 
n-pentane, methylene chloride, and methyl ethy| 
ketone \ ratio of 15 to 1 for the weight of the 
fuller’s earth placed in the chromatographic column 
to that of the »-pentane soluble material was found 
to be convenient However, the method Ini veneral 
is not limited to this ratio, as the procedure in frac- 
tionating the #-pentane soluble material is the same 
for anv ratio of these two materials 

The chro natographic column 
pared by sealing a 3-cm length of 6-mm-diametet 
Pyrex tubing to a 30-em length of standard-wall 
Pyrex tubing, approximately 30 mm in diametet 
\ plug of glass wool was tamped into the bottom of 
the column before adding the fuller’s earth?’ in a 
continuous while tapping the column to 
compact the adsorbent 

After adding the fuller’s earth to the column, a 
plug of glass-wool was placed over the adsorbent to 


see hig. 2 
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aid in an even distribution of the eluents and to pre- 
vent disturbing the column of fuller’s earth during! 
the successive elutions. In general, the ratio of thy 
length of the column of fuller’s earth to its diamete; 
Was approximately 5 to | This permitted a ready 
flow of all eluents through the column with only th 


force of eravity A reservoir consisting of at least 


one-fourth the volume of the tube was availabl 
above the fuller’s earth as storage space for th 
eluents. 


The n-pentane solution before being fractionated 
Was concentrated to approximately 50 ml by heating 
on asteam bath. The fuller’s earth in the chroma- 
tographic column was wetted with n-pentane to 
depth of approximately 2 in before adding th 
n-pentane solution. After the solution was placed 
in the column, v-pentane was added in 20-ml portions | 
until the glass-wool plug on top of the fuller’s earth 
was washed free of n-pentane soluble components 
Sufficient n-pentane was then added to the reservoir 
5 ml/min of th 


to maintain a rate of flow of about 
eluate When 2 to 3 g of n-pentane soluble materia 
was to be fractionated, 50 ml portions of the 


pentane eluate were collected consecutively, and th 


amount of nonvolatile material in each was deter- 
mined 

Rapid evaporation of the n-pentane Was accom- 
plished without troublesome creepage by placing th 
beakers, more than two-thirds full, approxi 
mately 15 in. from a 250-w infrared lamp (uncolore« 


lass, reflector type arranged so that the center lin 


not 


of the rays was parallel to and slightly above th 
level of the = solution The red-colored infrared 
lamp was found to be unsatisfactory for this purpos 
in that the entire beaker was heated, which resulted 
in creepage of the nonvolatile constituents The | 
sample was then heated at 105° C for about 15 min} 
to remove last traces of pentane before weighing 
When the nonvolatile material in these fractions ha 
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O pre-) Faid and D. C. MeLean® suggested the use of a 
luring mixture of 10 percent of water and 90 percent of 
of the seetone.® followed by chloroform? for the removal 
meter! of the major portion of the materials not removed 
ready by the n-pentane, methvlene chloride, and methyl 
ly the ethyl ketone. When this step was taken, the 
least acetone-water mixture and chloroform eluates were 
uilable collected together and freed from solvents in the 
r the same manner as that used for methylene chloride 
before weighing. This small fraction of the asphalt 
nated) was designated ‘sceetone-chloroform desorbed.” 
eating 
ery" 3. Description and Distribution of 
¢ thi Fractionated Components 
aces 
rtions) The four principal components obtained in_ the 
earth fractionation had distinetly different physical char- 
nents, acteristics The asphaltenes were black, brittle, 
ervoir hard solids, which intumesce rather than melt when 
of the heated. The water-white oils were colorless when 
iterial| freshly prepared and had about the same viscosity 
he »- asaheavy lubricating oil at room temperature. The 
vcd the dark oils were reddish-orange in color and had a very 
deter-| high viscosity at room temperature. The asphaltic 
resins were glossy, brownish-black solids at room 
ecom-| ¢mperature. The small fractions of acetone-chlo- 
yo the Tform desorbed material obtained in the later expe- 
proxi: rments were black solids slightly harder than the 
nlored. 28phaltic resins 
line} The results shown in table 1 are typical of those 
e the) Obtained in repeated determinations of the percent- 
frared age of each fractionated component in specimens of 
Irpost the same asphalt In this case a blown petroleum 
sulted 
: The} s, , » - 
5 mu i 
rhing. | ethyl ke 
is hac . 


reached a constant value (in the order of 0.025 g, 
when 5 g of asphalt was being processed), all previous 
fractions up to this point were combined. lhis 
‘fraction of the asphalt was designated “water-white 
oils.” 
> After the n-pentane elution, methylene chloride 
was passed through the column until the eluate was 
practicalls colorless and the glass-wool plug at the 
bottom of the column was free from stain. lhe 
-pentane holdup in the column was collected with 
this fraction. The eluents were evaporated from 
this solution on a steam bath. Water and traces of 
‘the eluents, if present, were removed by heating al 
ias° C for about 10 min before weighing. This 
fraction of the asphalt was designated as “dark 
oils.”” 

Following the elution with methylene chloride, 
| methy! ethvl ketone was passed through the column 
intil the eluate was colorless The methy lene chlo- 
ride holdup Was collected with this fraction, This 
fraction, designated as asphaltic resins, was treated 
! the same manner as the previous one before 
weighing. 

During the latter part of the investigation, R. W 


TABLE 1 Repeatability of determinations * with specimens 
from the same asphalt 


Determination Number l 2 3 Average 
Asphaltenes 39.8 39.2 38.4 39.1 
W ater-white oils , 24.5 24.7 24.0 24.4 
Dark oils ay 22.9 23.8 23.3 23.3 
Asphaltic resins Q 9.6 10.1 10.2 10.0 
lotal recovered . 06.8 07.8 95.9 06.8 
Fifteen parts of fuller’s earth used for each part of the n-pentane soluble 
TABLE 2 Distribution of the fractionated components of six 


shingle coating asphalts from different geographical sources * 


\ \ B ( D k I 
s I point R&B 
hod ( 104 108 111 U6 102 
phalten 13.6 $2.2 39.1 0). 5 37 37.4 
W r-whit« 4). 2 20.0 28.3 27.3 26.0 | 21.0 
I k oil 25.3 25. 2 2. 8 20.0 1.8 24.6 
Asphalt n 6.9 1 & 0 y 11.0 12.8 
Ace ! cl I 
1 bed 1.1 1.3 0.9 20 1.9 ye 
| il ree ! 17.1 O7.8 9. 1 W9.3 98.2 O83 
Fifteen parts of fuller earth was used for each part of the n-pentane soluble 
\ l I t 


asphalt with a softening point’ of approximately 
95° C was fractionated, using 15 parts of fuller’s 
earth to each part of n-pentane soluble material. 
After the methyl ethyl ketone desorption in these 
analyses, the fuller’s earth at the top of the column 
was darkened slightly (evidence of nondesorbed 
material). Very little, if any of this strongly ad- 
sorbed material was removed by successive washing 
with ethyl ether, ethyl and methyl alcohols, acetone, 
benzol, chloroform, and carbon tetrachloride. Water 
alone caused swelling of the fuller’s earth, which 
obstructed the flow by gravity. When external 
pressure Was applied above the water, the fuller’s 
earth swelled to the extent of breaking the glass 
tubing 

Table 2 shows the distribution of the fractionated 
components obtained from six blown petroleum 
asphalts produced from fluxes of different geograph- 
ical origin. The percentages of material recovered 
by the acetone-water mixture and chloroform wash 
are also reported in this table. 

Although this method of fractionating asphalts 
was developed primarily for the study of changes 
occurring In the various components during the 
weathering of blown asphalts, it also facilitates the 
examination of vacuum-reduced asphalts and fluxes 
used in the preparation of the blown asphalts. 

Table 3 shows the distribution of the fractionated 
components obtained from three blown petroleum 
asphalts and from the fluxes from which they were 
prepared 

Table 4 shows how the distribution of the n- 
pentane soluble components was effected by varving 
the ratio of the amount of fuller’s earth to that of 


* Tentative method of test for softening point, ball and shouldered ring appara 
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Nature of Stark Rubber’ 


Donald E. Roberts and Leo Mandelkern 


The melting behavior and X-ray diffraction patterns of four different samples of ‘‘stark 


rubber’ have been investigated. 
ally 


equilibrium melting temperature, 28° + 1‘ 
shown to be appropriate 


The melting temperatures, 39° to 45.5° ( 
higher than that observed for natural rubber crystallized by cooling. 
diffraction patterns indicate that the crystallites in stark rubber are oriented. 
vation can explain the higher melting temperatures. 
ares 
Several different methods that have been used successfully in 


‘, are substanti- 
The X-ray 
This obser- 
Thus, the previous assignment of an 
to unoriented crystalline natural rubber is 


preparing stark rubber under controlled conditions in the laboratory are outlined. 


1. Introduction 


Long-chain molecules that a sufficient 
amount of chain regularity are capable of crystal- 
lizing under favorable conditions. The crystalliza- 
tion and the subsequent melting are similar to the 
processes that occur in monomeric materials of low 
molecular weight. The existence of an equilibrium 
melting temperature in polymers has been demon- 
strated [1];? it has also been shown that this tem- 
perature is systematically depressed by low molec- 
ular weight diluents in a manner quantitatively 
describable by the application of the thermody- 
namics of phase equilibria [1,2]. Similarly, the 
kinetics of crystallization of polymers can be satis- 
factorily accounted for by the assumption of the 
concurrence of nucleation and growth, with the 
magnitude of the nucleation rate dependent mainly 
on the difference between the equilibrium melting 
temperature and the temperature of the crystalliza- 
tion [3]. The success achieved in describing both 


pt SSCss 


, the melting process and the crystallization kinetics 


' gives additional 


evidence for the existence of an 
equilibrium melting temperature, and adds to its 
significance in the understanding of the crystalliza- 
tion behavior of polymers. This temperature 
defined as the one at which the most perfect crys- 
tallites are unstable relative to the undeformed, 
unoriented liquid state. 

For many polymers, including natural rubber, it 
has been observed that the melting temperature, 
l,,, depends on the crystallization temperature when 
the heating rate is relatively rapid [4,5,6,7]. How- 
ever, for polyesters [5], polyamides [6], and more 
recently for natural rubber [8], it has been demon- 
strated that when slow heating rates are employed 
the melting temperature observed is independent of 
previous thermal history and then the equilibrium 
melting temperature is approached. This heating 
schedule is presumably conducive to the formation 
of more perfect crystallites, which are stable at 
higher temperatures. For natural rubber the equi- 
librium melting temperature has been found to be 
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28° +1° C [7]. Melting temperatures appreciably 
higher than 28° C have also been reported for 
natural rubber. Considerable confusion has arisen 
due to the apparent variability of its melting point. 
Since the melting temperatures below 28° C have 
been demonstrated to be solely a result of the heat- 
ing rates used in their determinations, the occur- 
rence of melting temperatures above 28° C also 
requires explanation. 

The natural rubber samples that have been ob- 
served to be high melting can be divided into two 
types, “racked” rubber and “stark” rubber. If 
unvuleanized natural rubber is repeatedly extended 
at an elevated temperature and then cooled, it can 
be given a rather enormous pseudopermanent ex- 
tension without any applied force being maintained 
[9]. Extensions as great as 10,000 percent have been 
reported. Rubber thus treated has been termed 
“racked”’ rubber, and its mechanical properties are 
similar to those of a hard inelastic material. The 
racking process is accompanied by increase in density 
of the rubber, and its X-ray diffraction pattern gives 
a very intense fiber-type diagram, indicating not 
only that crystallization is occurring, but that the 
crystallites thus formed are highly oriented in the 
direction of the stretching. On _ heating, racked 
rubber retracts and the X-ray pattern disappears, 
indicating that fusion is occurring. The melting 
temperature, which depends on the extent of racking, 
occurs in the range 35° to 50° C, substantially 
higher than the equilibrium melting temperature as- 
signed to natural rubber. However, as the crystal- 
lites are highly oriented in racked rubber, the con- 
necting amorphous regions must be deformed from 
their statistically more probable configuration, and 
so the crystallites will be expected to be stable at 
higher temperatures than crystallites in an unde- 
formed system. 

When natural rubber is stored in temperate climates 
it is occasionally found to be hard and inelastic, 
because of the development of appreciable amounts 
of crystallinity. Many of these samples also exhibit 
high melting points on initial heating and this type 
of rubber has been designated as “stark’’ rubber 
because it is hard and rather rigid at room tempera- 
Stark rubber has not heretofore been prepared 
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under controlled conditions, and the reasons for 
its higher melting temperature cannot be ascer- 
tained from existing information, as in the case of 


racked rubber. 

In an effort to understand the nature stark 
rubber and the reasons for its high melting tempera- 
ture, the melting behavior and X-ray diffraction 
patterns of four stark rubber samples, from widely 
different sources, have been investigated. As a 
result of this study some conclusions have been 
reached both as to the reasons for its high melting 
temperature and as to how it is formed. As a 
further consequence of these studies, methods have 
been devised for the laboratory preparation of stark 
rubber under controlled conditions. 


of 


2. Experimental Procedure 


The specific volume-temperature relations and the 
melting temperatures were determined, using dilato- 
metric techniques. Descriptions of the volume 
dilatometers employed and the procedures followed 
have been published [6, 10]. The dilatometers were 
immersed in constant-temperature baths controlled 
within t().] deg 4. The thermal histories of the 
samples and the times held at the various tempera- 
tures are detailed below. The absolute densities 
of the stark rubber specimens were determined at 
25° C by the method of hydrostatic weighings |11]. 

The samples for the X-ray diffraction studies were 
cut from the sheets of stark rubber into rectangular 


strips about 1 mm thick. The X-ray diffraction 
photographs were taken in a flat plate camera, 
using copper radiation (Ka) and operating at 40 
kv and 20 ma. The sample-to-film distance was 10 
em, the aperture of the sample holder was 0.025 
in., and the exposure time was 5% hours. The 
variation in intensity of the diffraction around the 
circumference of a ring was determined by the 
manual use of a densitometer. 
3. Samples 
Sample I was received from G. S. Whitby about 


1936 It was a sample of smoked sheet, identified 
by the vear of preparation, 1913, and appeared 
to be similar to a specimen referred to in the litera- 
ture {9, p. 105]. Sample II was also a smoked sheet 
and had been highly milled, with the intention of 
using it as a rubber cement. It was stored in the 
basement of the Geophysical Laboratory of the 
Carnegie Institution of Washington from 1936 until 


1951, when it was discovered to have become stark. 
Sample III] was received in 1929. It had been 
tapped and smoked on the Upper Amazon River 
and washed and dried at Belem (Para The 


sample was firm when received but not so stiff 

it had become by 1952, when it was reexamined. 
Sample [V was from a bale of smoked sheet that had 
been stored in the NBS Rubber Section for several 
years; a portion of this bale was found be stark, 
whereas other portions, including regions contiguous 
to the stark portion, were completely amorphous 


4. Results eubb 
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4.1. Chemical Analyses ‘ater 

The results of chemical analyses for major om! — 

stituents, which were performed on three of the - - 

stark rubber samples, are given in table 1.5 The! ther¢ 

amounts of the major constituents found are typical abou 

of the composition of unpurified raw rubber. Heng lor @ 

the behavior of stark rubber cannot be attributed! of 5 

to any major chemical differences from the usua| then 

or normal, raw rubber } trace 

ical | 

ns : ; , Fe 
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4.2. Melting Behavior ume 

volur 

The melting behavior of the four stark rubber! men 

samples was investigated. Because of time effects| likeli 

above 35° C, a revision was required in the heating! temp 

schedule that has been used with ordinary natural long 

rubber [8] and other polymers [2, 6, 10]. The obj serve 

servations were initiated at about 15° C, and th Pl 

temperature was raised at the rate of 1 deg each. perat 


Up to temperatures of about 35° ( 
to be attained simul. 


12 to 24 hours. 
volume equilibrium appeared 
taneously with temperature equilibrium, and_ th 
specific volume varied linearly with temperatur 
This is in marked contrast to other polymers [2, f 
8, 10], in which partial melting and reerystallization 
always occur in the temperature range below th 
equilibrium melting temperature. At a given tem- 


perature above 35° C the volume of the stark rubber 


samples no longer remained invariant with tim 
but was observed to increase slowly. These slow 
increases in the volume of stark rubber in this tem- 
perature region have also been observed by Whitby 


(9, p. 165]. Although the rate of volume 
was slow, the total volume change at a given tempera-| 
ture was significant. A typical example of this phe- 
nomenon is that for sample I after 500 hours | at 37° 
the specific volume had increased ar cm i 
After the temperature was raised to 38° C aad hel 

there for 240 hours, the specific volume hi: sli incre ased| 


et 


0.00318 em*/g. Similarly, after 600 hours at 39° ¢ 
it had increased 0.0030 em*/g, and after 500 hours] 
at 39.5° C it had increased 0.0008 em*/g. These 
observations are also in marked contrast to the be- 
havior of other polymers for which, in the vicinity 
of 7,, only very slight increases in volume with} 
time are observed. These observations for stark) , 
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rubber necessitated that the samples be held for 
exceptionally long periods of time in the temperature 
interval between 35° C and T,,. In this interval the 
temperature was raised in 1-deg increments, and 
the sample was held at a given temperature until 
there was no perceptible increase in volume for 
about 5 to 7 days. Thus, the total heating process 
for a typical determination of Sie was of the order 
of 50 to 100 days. The melting temperature was 
then taken as the temperature at which the last 
trace of cry stallinity disappeared, following the typ- 
ical heating schedule just described. 

Possible reasons for this rather unusual melting be- 
havior will be discussed in more detail in connection 
with the X-ray diffraction analysis of the structure of 
stark rubber. It is apparent that the value observed 
for T.,, will depend on the over-all rate of heating and 
on the total time held at specified temperatures just 
below 7;,. For example, sample II was initially held 
in the temperature range of 37° to 41° C for 26 days; 
T,, was found to be 41° C, and the total volume 
change in melting was 0.0250 em*/g. Another speci- 
men of sample Il was brought from 30° to 38° C in 
7 days, and up to the present has been held at 38° C 
for a little over a year. A steady increase of the vol- 
ume has been observed, and 60 percent of the total 
volume change occurring on melting the first speci- 
men has already occurred. There is thus the distinet 
likelihood that if a sample of stark rubber is held at a 
temperature below the reported 7, for a sufficiently 
long time, a lower melting temperature will be ob- 
served [9, p. 105}. 


Plots of the relative volume as a function of tem- 


perature are given in figure 1 for samples I and II. | TA8t® 2. Densities at 2 





T 


3 


“A 


4 


Fy 


a“ 
Z 
y 
Z 
; 
7 - 
/ —_ 
4 y 
2 a J | 
A ! 
Pa 3} 
? 
r 
Y ‘ 
/ 7 
Ps / P 
, a“ 
A / a 
L 
] >” a 
“4 | 
5 
40 | 
arenceneigonn ee pee 
TEMPERATURE, °C 
Figur 3 Relative volume-te m perature plot for stark rubber. 
Solid lines, original heating; dashed lines, heating after initial melting and then 
rystallizing at 0° C; sample I; A, sample II 





This figure also shows the curves that are obtained 
for the same samples after they were first melted and 
then recrystallized at 0° C. For the latter case the 
melting behavior is similar in all respects to that 
usually observed for natural rubber. If stark rubber 
is first dissolved, and the solvent is sublimed or evap- 
orated off, and if the sample is recrystallized at 0° C 
and slowly heated, the usual type of behavior is also 
found [8]. Thus, if the crystallites originally present 
in stark rubber once disappear, subsequent crystalli- 
zation induced by cooling is identical with that which 
occurs in ordinary amorphous natural rubber. 


4.3. Melting Temperatures and Densities 


In table 2 the densities of the semicrystalline 
rubber, psc; the completely amorphous rubber after 
melting the same samples, pg; and their differences 
at 25° C are given, as well as their respective melting 
temperatures, 7;,, which were determined from the 
specific volume—temperature studies. As the stark 
rubber samples are almost identical in chemical com- 
position, the variations in the density differences 
must reflect variations in the degree of crystallinity. 
The fact that the samples, when arranged in order of 
decreasing density differences, as in table 2, are also 
in order of increasing melting temperatures may be 
regarded as fortuitous because the range of melting 
temperatures is only a little larger than the pre- 
cision of determination. Therefore, the authors are 
of the opinion that the melting temperature does not 
depend on the amount of crystallinity. 


25° C and melting temperatures of stark 


rubbers 


Sampk ps Pa Ap Tm 
( 
I 0. 9405 0. 9129 0. 0276 39.5 to 40 
Il 9302 YOU4 . 0208 41 
I\ 9270 9092 O178 42.0 
Ill 9114 8945 . 0169 45.5 


4.4, X-Ray Diffraction 


Typical X-ray diffraction patterns are illustrated 
in figures 2 and 3. The positions of the four most 
intense rings correspond to the d-spacings given in 
table 3 and confirm the values given by Barnes [12] 
for stark rubber and that given by Clark, Wolthuis, 
and Smith [13] for rubber crystallized by either 
stretching or cooling. Thus, the crystalline form 
present in stark rubber is the same as that obtained 
on cooling amorphous natural rubber. 


TABLE 3. Spacings for stark rubber 


d-spacing Indices * 


6. 30 200 
5. 00 201 
4.24 120 

=p f 121 
3. 77 \ 121 


» For a unit cell of dimensions a, 6, and c, the direction of the chains (the fiber 
ixis) is the c axis in the above 
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FIGURE £ -ray diffraction photographs of stark rubber. 


A and B, Sample I, with position of X-ray beam parall i normal, respectively, to plane of rubber sheet; C and D, sample I], with position of X-ray beam 
parallel and normal, respectively, to plane of rubber 





FIGURE 3 Y-ray diffraction photographs of stark rubber. 


f X-ray beam parallel and normal, respectively, to plane of rubber sheet; C and D, sample IV, with position of X-ray beam 
f rubber sheet 














A A Ph \ 
j 
/\ / \ 
, ie 
\ 
f ' \ 
\ 
| ra l . 
in — 
rs ar Y x “ 
a» FF 4 \ ~ 
J | 
> 
2 | ] 
~-— — ——- at 
: | 
<i 
B | 
x ~ 
~ x 
~ YF 
) 
Fiat R} j Re lative niens fy ot d Trac oOo? ; ; 
of ngs. 
A, Sample I, X-ray beam l ut B is, a 
beam normal to plane of rut 
Curvy respond to tl 1-s} 4.24 
rhe u lat n 


An inspection of the X-ray patterns indicates that 
around certain of the rings the intensity of the dif- 
fracted X-ray is not uniform. This most 
clearly in the patterns for samples III and IV (fig. 3) 
If the crystallites were randomly oriented with re- 
spect to a fixed direction in the sample, then the in- 
tensity of the diffraction should be uniform around 
the circumference of any given ring. The non- 
uniformity of the rings indicates that the crystallites 
have a preferred orientation in the sample. To fur- 
ther confirm the reality of the orientation, a direction 
in the sample was fixed as reference, and the diffrac- 
tion photographs were taken with the X-ray beam 
successively normal to and parallel to this direction. 
The results shown in figures 2 and 3 indicate that the 
diffraction patterns depend on the of the 
beam relative to the sample, and hence the non- 
uniformity of the rings is caused by diffraction from 
oriented crystalline planes. 

To further illustrate these observations, the 
variations of the relative intensity around the cir- 
cumferences of the diffraction rings of interest are 
plotted in figures 4, 5, and 6. For all the samples 
the major variation in intensity occurs in the rings 
corresponding to reflections from the 200 and 120 
planes which are the only diffracting planes parallel 
to the direction of the chain axis. In sample Il the 
effect is smaller than in the other samples, but the 
results are reproducible and well within the exper- 
imental limits of the photometering procedure. 
Figures 5 and 6 indicate quite clearly the non- 
uniformity of the rings and the changes in intensity 
that occur when the position of the X-ray beam 
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relative to the sample is altered. More than two 
diffraction photographs for each sample are required 
to establish the detailed nature of the orientation 
It is hoped that an analysis of the more detailed 
X-ray work now in progress will lead to a more 
quantitative description of the orientation. For 
present purposes, the establishment of the fact that 
the crystallites in stark rubber are oriented suffices 





5. Discussion 


It has been suggested that there are two forms ol 
crystalline natural rubber and that one of these 
forms is the higher-melting stark rubber [14,15] 
However, the X-ray analyses of a sample of stark 
rubber by Barnes [12], the results of which are 
corroborated by the present work, indicate that the 
structure of the crystals in stark rubber is identical 
in all major respects with the structure of crystals 
induced by either stretching or cooling the amorphous 
rubber. Hence, polymorphism does not appear te 
be an explanation of the nature of stark rubber. 
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Wood and Bekkedahl 14] observed that when 


natural rubber is crystallized by cooling, the melting 
temperature depends very markedly on the tem- 
perature of crystallization if rapid heating rates are 
employed. This led them to make the suggestion 
that the melting temperature observed in stark 
rubber is caused by a relatively high crystallization 
temperature. The validity of this suggestion 
dificult to establish directly from experiment. 
Natural rubber crystallized at 14° C has a melting 
temperature of 28° C; to accomplish the erystalliza- 
tion at this temperature requires about 200 days. 
Crystallization at any higher temperature takes 
such an unduly long time as to make the necessary 
experiments a practical impossibility. However, in 
this temperature range the crystallization rate is 
governed mainly by the steady-state nucleation 
rate [3]. The extreme slowness of the rate of pro- 
duction of stable nuclei indicates that the difference 
between the crystallization temperature and _ the 
equilibrium melting temperature must be small, so 
that the equilibrium melting temperature is being 
approached. From studies of the crystallization 
rates of other polymers in this region [3], it is thought 
unlikely that the assigned value of the equilibrium 
melting temperature of undeformed natural rubber 
ean be raised more than a few degrees. Thus the 
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possibility that the high melting temperature of 
stark rubber results solely from a high temperature 
of crystallization seems somewhat remote. 

Pickles [16] noted some years ago that under the 
same conditions of storage certain bales of natural 
rubber seemed more prone to become hard than 
others. This led him to believe that some factor in 
the previous history of the material, particularly the 
plantation processing, might be causing the observed 
effect. The X-ray diffraction patterns indicate quite 
clearly that a characteristic of stark rubber is the 
orientation of its crystallites. It is not difficult to 
envisage how the plantation processing might 
eventually cause the presence of oriented crystallites. 
After coagulation of the latex, the amorphous rubber 
is rolled into sheets, and the sheets are then stacked 
one upon another in an irregular manner. The bale 
of rubber is then subjected to a rather large simple 
compressional stress, which is eventually removed. 
It is likely that this process can cause the amorphous 
segments to be preferentially oriented, and because 
of the high viscosity of natural rubber, this orienta- 
tion can persist for long periods of time at the usual 
storage temperatures when the external stresses are 
removed. Orientation of the chain segments will 
facilitate the rate of crystallization at temperatures 
where the crystallization rate is prohibitively slow 
for undeformed rubber. 

Because the crystallites are oriented, the amor- 
phous regions that connect them can also be oriented 
to some extent. If this orientation were maintained 
during the fusion process, then a crystalline segment 
would gain less entropy on melting than in the case 
where the amorphous region was completely random. 
Then for an oriented system the fusion would have to 
occur at a higher temperature than in an unoriented 


system. If the orientation were maintained, this 
could explain the higher melting temperatures 


observed for both stark and racked rubber. How- 
ever, it does not explain the observed peculiarities of 
the melting process nor the fact that all the stark 
rubbers have melting temperatures in approximately 
the same range. Furthermore, if unvulcanized 
natural rubber is crystallized by stretching and the 
external force maintained during the subsequent 
heating (thus maintaining the orientation during the 
fusion), much higher melting points are observed [17]. 

After stark rubber has been melted and then 
recrystallized by cooling, the melting temperatures 
that one subsequently observes are the same as for 
normal natural rubber. Thus the initial heating of 
the stark rubber samples to temperatures slightly 
above the tabulated 7', causes the orientation to 
disappear. During the heating process, and within 
the time scale of the experiments, a temperature may 
be reached where the segmental motions of the 
amorphous rubber become sufficiently great to cause 
a return to their more probable configurations. If 
this temperature is greater than the equilibrium 
melting temperature of the unoriented semicrystalline 
polymer, 7,,, then crystallites that were thermo- 
dynamically stable above 7), due to the orientation 


m 
will now become unstable and will melt. Because 
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the fusion process causes an increase of the specific | held at 


volume, the uniqueness of the melting behavior of 
stark rubber can be explained by the fact that at a 
temperature several degrees below the assigned 77, 
but above 7), the relatively large volume changes 
with time are a manifestation of the slow rearrange- 
ment of the amorphous regions. Because the 
increases of the volume with time occur at all temper- 
atures between 35° C and 77, the rearrangement 
process is extremely temperature sensitive. It 
would then be expected that as long as no external 
forces are maintained, melting will occur in approxi- 
mately the same temperature interval, irrespective 
of the amount and tvpe of orientation. 

It is interesting to note that in their study of the 
dimensional changes of unvulcanized natural rubber, 
using interferometric techniques, Wood, Bekkedahl, 
and Peters [18] observed that plastic flow occurred 
in the vicinity of 40° C. Similarly, Smith and 
Savior |19] noted that the birefringence in natural 
rubber caused by induced strains (not crystallites) 
disappeared in the range 40° to 55° C. With the 
observation that the crystallites in stark rubber are 
oriented and with the above explanation for the 
melting behavior, it is clear that the assigned values 
of 7, are not thermodynamically significant. The 
assignment of an equilibrium melting temperature 
to the unoriented semicrystalline natural rubber 
would thus appear to be justified [8]. 

In principle, other crystalline polymers should 
display this behavior. Its common observation in 
natural rubber is due to a combination of circum- 
The high viscosity of amorphous natural 
rubber allows the orientation of the chain segments 
to be maintained for relatively long periods of time 
in the temperature range of interest. The lower 
limit of this temperature range by 7T.. As 
long as 7°, is sufficiently low, as in the case of nat- 
ural rubber, for the rate of amorphous segmental 
rearrangement to be slow, this phenomenon should 
be observed. 


stances. 
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6. Stark Rubber Prepared in a Laboratory 


As stark rubber has not been prepared heretofore 
under controlled conditions, it is now thought pos- 
sible to prepare it in the laboratory. One should 
seek conditions such that the erystallization occurs 
while the rubber is being deformed, and that when 
the external the deformation are 
removed, the orientation will persist at temperatures 
above 7. Carson [20] was able to produce stark 
rubber by deforming a sample in a rubber-cutting 
machine and storing under slight pressure for nearly 
a vear at temperatures between 5 


stresses causing 


and 35° C 
Early attempts in this direction were made by 
Smith and Saylor [19], who compressed a sample of 
amorphous natural rubber between aluminum plates 
for 6 months at C. The resulting crystallites 
displaved definite orientation, but the melting point 
was only 10° to 11° C. A further experiment was 
performed wherein the rubber was compressed in a 
steel block at a pressure of 1,000 atmospheres and 


2° 


25° C for 2 weeks. Upon removal of th, 
sample and on subsequent heating to room tempera 
ture, the rubber remained crystalline, and its meltin, 
point was found to be about 33° to 34° C. : 

About 1934 A. T. MePherson and W. L. Ho} 
then in the NBS Rubber Section, pressed som, 
smoked sheet between aluminum-faced boards and 
then wrapped it very tightly with strips of stretche, 
vuleanized rubber. Although the details of th 
thermal history of the sample are not precise 
known, the sample was kept most of the time in th 
temperature range 0° to 14° C. The sample w; 
examined in May 1954, and found to 
appreciable amount of crystallinity at 25°C. Dila 
tometric observations indicate that its meltir, 
temperature is greater than 35° C. In figure 7,4 
the X-ray diffraction photograph of this sampl: 
indicates very marked orientation. 


possess an 


A portion of a bale of spraved latex, which con 
tained about 95 percent of rubber hydrocarbon ang 
whose X-ray diffraction pattern indicated it to be 
completely amorphous, was passed through a mil) 
several times and rolled into a tight cylinder. Afte , 
storage at 25° C for 2 vears, it was reexamined an 
found to have lost some of its rubberlike elasticity, 
[ts X-ray diffraction pattern is given in figure 7,BJ 
Although the intensity of the diffraction pattern i: 
not great, it evident that the crystallites are 
oriented. Because of the small amount of crysta! 
linity developed, the melting point could not be 
determined precisely, but it is in the range 35° t 
40°C. A portion of the roll was placed in a vacuum’ 
press at 28° C and subjected to a compressive loa 
of 50 tons. The result of this treatment, as illus 


Is 


trated in figure 7,C, was to further increase the 
amount of both crystallinity and orientation. The’ 
melting temperature of this specimen is 42° +2° C, 


A small section of cast-iron pipe, which was closed 
at the lower end and threaded at the upper end, was 
completely filled with the amorphous sprayed latex. 
The upper end of the pipe was closed with a threaded) 
eap and tightened completely, thus subjecting the 
rubber to a compressive stress with orientation of 
certain regions brought about in the process of 
tightening the cap. After storage at 14° C for 18 
months, portions of the rubber had_ crystallized. 
They maintained their crystallinity after warming 
to room temperature. The X-ray diffraction pat-; 
tern is illustrated in figure 7, D, and its high orienta-| 
tion apparent. The melting temperature was 
difficult to determine accurately, but it is in the 
vicinity of 35°C. 

Stark rubber can thus be prepared in the labora- 
torv by a variety of methods. Those discussed above 
are certainly not exhaustive, and other methods, 
should be equally successful. The essential require- 
ment seems to be orientation during the crystalliza- 
tion. This is a necessary, but not a_ sufficient, 
condition. In the course of this study several meth- 
ods that were attempted have not as yet yielded 
stark rubber. For example, holding samples at 14 
C in simple extension at various extension ratios, 
caused crystallization. However, when the tensile 
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force was removed and the sample heated to 28° C, 
the crystallinity completely disappeared. Similarly, 
it is known from the work of Goppel and Van Rossem 
[21], that calendering rubber causes the crystallites 
that are formed on cooling to be oriented. However, 
when these experiments were repeated at the Na- 
tional Bureau of Standards a completely amorphous 
X-ray diffraction pattern was obtained at 25° C. 
The difference between these results and 
Goppel and Van Rossem can be attributed to the 


fact that the diffraction photographs of the latter | 


investigators were taken in the temperature range 
17° to 20° C [22]. The apparent failure of the 
methods just described cannot be taken as final. It 
is possible that after longer times, when greater 
amounts of crystallinity have developed, the rubber 
may become stark by the methods outlined. 

Some additional samples of stark rubber are being 
studied, and other laboratory methods of preparation 
are being explored. The melting behavior of some 
of the stark-rubber samples reported in the present 
paper is being reexamined, using much slower heating 
rates. 
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